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RESUMO

Inselbergs, afloramentos rochosos graniticos isolados na Caatinga do Nordeste
brasileiro, emergem como refugios ecoldgicos em regides semiaridas, modulando
processos pedogenéticos e sustentando bolsées de solo essenciais a biodiversidade.
Buscou-se compreender como seu arranjo topografico complexo influencia a génese dos
solos, integrando revisao sistematica da literatura, analise dos processos pedogenéticos
e avaliagcdo da persisténcia da matéria organica do solo (MOS) no Campo de Inselbergs
Graniticos (CIG) do Pluton Bravo, no Cariri paraibano. A revisao da literatura revelou que,
globalmente, inselbergs atuam como refugios ecoldgicos, preservando ambientes
heterogéneos que abrigam biodiversidade especializada, embora fatores pedoldgicos
permanegam pouco explorados. No CIG, os solos dos bolsdes mostraram-se acidos,
distréficos, com processos pedogenéticos mais desenvolvidos e teores de carbono
organico (CO) até 5 vezes superiores aos tipicos da Caatinga, com solos
predominantemente eutréficos, rasos, incipientes e com baixos teores de CO,
corroborados por assinaturas isotopicas de 8'3C que indicam condigbes Umidas durante
a pedogénese, contrastando com o atual clima semiarido. A analise da matéria organica
do solo (MOS) mostrou que, nos bolsées de solo do CIG, fragbes associadas aos
minerais (MOAM) apresentam relativamente maior estabilidade, devido as associa¢des
organo-minerais e hidrofobicidade. No contexto da Caatinga tipica, a aridez acelera a
oxidacdo, favorecendo a formagdo de compostos aromaticos, mais resistentes.
Assinaturas isotdpicas de 3'°N sugerem fixagao bioldgica de N2 nos solos do CIG. Os
resultados destacam que os inselbergs promovem uma maior diversificagcdo pedolégica
e funcionam como reservatérios estratégicos de C, mitigando emissdes de CO2 em
regides secas. A preservacao de sua vegetacao nativa € indispensavel para manter os
mecanismos de persisténcia da MOS, reforgando sua atuagéo como refugios ambientais.
Por tanto, essa pesquisa avanga na compreensao das interagdes entre geodiversidade e
resiliéncia ecossistémica, oferecendo subsidios para conservagao e politicas de manejo
sustentavel em ambientes semiaridos, sobretudo frente aos cenarios de mudancgas
climaticas e desertificacao.

Palavras-chave: Inselbergs; pedogénese; matéria organica do solo; isétopos estaveis;
refugio ecoldgico; semiarido.



ABSTRACT

Inselbergs, isolated granitic rocky outcrops in the Caatinga of northeastern Brazil, function
as ecological refuges in semiarid regions by modulating pedogenetic processes and
supporting soil pockets critical to biodiversity. This study aimed to understand how their
complex topographic arrangement influences soil genesis, combining a systematic
literature review, analysis of pedogenetic processes, and evaluation of soil organic matter
(SOM) persistence in the Granitic Inselberg Field (GIF) of Pluton Bravo, located in the
Cariri region of Paraiba. The literature review indicated that inselbergs globally act as
ecological refuges, preserving heterogeneous environments that harbor specialized
biodiversity. However, pedological factors in these contexts remain underexplored. In the
GIF, soil pockets were found to be acidic and dystrophic, with more advanced pedogenetic
development and organic carbon (OC) levels up to five times higher than those in typical
Caatinga soils. The latter are generally eutrophic, shallow, incipient, and low OC levels.
Isotopic d'3C signatures suggested humid conditions during soil formation, contrasting
with the current semiarid climate. Analyses of soil organic matter (SOM) revealed that,
within GIF soil pockets, mineral-associated organic matter (MAOM) fractions exhibit
greater stability due to organo-mineral interactions and hydrophobicity. In contrast,
Caatinga soils under aridity-driven oxidative conditions favored the accumulation of
resistant aromatic compounds. Additionally, 3'°N isotopic signatures pointed to biological
nitrogen fixation in GIF soils. The findings highlight that inselbergs enhance pedological
diversification and serve as strategic carbon reservoirs, potentially mitigating CO,
emissions in dry regions. Preserving their native vegetation is critical to maintaining SOM
persistence mechanisms, reinforcing their role as environmental refuges. This study
advances the understanding of geodiversity-ecosystem resilience interactions, providing
insights for conservation and sustainable management policies in semiarid regions,
particularly under climate change and desertification scenarios.

Keywords: Inselbergs; pedogenesis; soil organic matter; stable isotopes; ecological
refuge; semiarid.
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1. INTRODUGAO

Em regides de predominio climatico variando do arido ao semiarido, como a
Caatinga no Brasil, afloramentos rochosos denominados de ‘“inselbergs”, sé&o
frequentemente observados nas suas paisagens geomorfologicas (Moro et al., 2024;
Souza et al., 2023; Xavier, 2021). O termo “inselberg” — de origem alema que significa
‘montanha-ilha” — foi criado pelo pesquisador Friedrich Wilhelm Conrad Eduard
Bornhardt, em 1900, para descrever as abruptas elevagdes rochosas, isoladas,
encontradas nas extensas planicies da Namibia, Africa (Lima et al., 2009). Segundo
Bastos et al. (2021) essas feicbes sao formadas por litologias mais resistentes ao
intemperismo, geralmente oriunda de litologias graniticas e gnaissicas (Porembski;
Barthlott, 2000), correspondendo a massas rochosas escarpadas, com morfologias
cbncavo-convexas, isoladas ou agrupadas, que afloram em superficies erosivas (Migon,
2006; Rodrigues; Maia; Gomes, 2019).

No contexto da Caatinga, os inselbergs normalmente sdo sustentados por
intrusGes graniticas, que foram expostos pela erosédo diferencial de antigas areas
orogénicas, e posteriormente retrabalhados por processos erosivos de distintos sistemas
morfogenéticos oscilantes ao longo do Cenozoico (Corréa et al., 2010; CPRM, 2021; Maia
et al., 2015). Ao romperem a monotonia das paisagens aplainadas, dominante nas
unidades geoambientais do Planalto da Borborema e da Superficie Rebaixada Sertaneja,
os inselbergs contrastam o mosaico paisagistico, e transcendem para atuarem como
refugios da biodiversidade na Caatinga (Migon; Maia, 2020; Salvador et al., 2023; Souza;
Xavier; Borges Neto, 2024).

Comumente, sdo caracterizados como ambientes que passam por niveis muito
elevados de estresse ambiental (Fitzsimons; Michael, 2017; Porembski; Barthlott, 2000).
A associagdo entre fatores climaticos como, irregularidade pluviométrica, intensas
oscilagdes de temperatura, elevada insolagédo, ventos fortes, escassez hidrica e altas
taxas de evaporagédo reforca a ideia de que sdo ambientes xéricos (Burke, 2003b;
Oliveira; Godoy, 2007; Silva, 2016; Vanschoenwinkel et al., 2025). Tais condigbes

determinam a distribuicdo das comunidades/espécies vegetais, a formagao dos solos e
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a ciclagem de nutrientes (Meyer et al., 2021; Ottaviani; Marcantonio; Mucina, 2016; Pérez,
2023).

Sua maior elevagao em relagao a matriz superficial cincundante, baixa porosidade
e o0 complexo arranjo topografico dos inselbergs, regem a captagdo e o escoamento da
precipitacado, sedimentos e residuos organicos (Burke, 2002; Certini et al., 2002). Por
gravidade, esses elementos tendem a migrar e consequentemente preencher as areas
deprimidas dentro dos préprios corpos rochosos (gnammas, fraturas etc.) ou
principalmente se acumular nas areas do entorno dos inselbergs, constituindo ambientes
deposicionais e de recarga hidrica (Letz et al., 2021; Ottaviani; Marcantonio; Mucina,
2016; Yates et al., 2019).

Esses ambientes, internacionalmente conhecidos como “bolsées de solo” (soil
pocktes), favorecem a ocorréncia de fragmentos florestais que chamam a atencéo por
sua altura, densidade e diversidade, contrastando com a cobertura vegetal encontrada
na matriz paisagistica predominante. De acordo com a literatura, estes bolsdes de solo,
em termos de dimensao, podem variar de apenas alguns centimetros a centenas de
metros, padrao que se repete para outras regides do globo, com caracteristicas climaticas
- quentes e secas - semelhantes as observadas na Caatinga, como por exemplo na
Australia (Clark-loannou; Wardell-dJohnson; Millett, 2021; Ottaviani; Marcantonio; Mucina,
2016; Schut et al., 2014; Yates et al., 2019), no México (Barcenas-Arguello et al., 2010),
e na Namibia (Burke, 2001; 2002).

Apesar da importancia que os solos exercem nessas areas a manutencédo de
umidade, cliclagem de nutrientes e consequentemente colonizagao vegetal, a sua génese
ainda é pouco conhecida (Meyer et al., 2021; Peréz, 2023).

Nesses ambientes, o solo € um recurso escasso e valioso (Certini et al., 2002;
Ottaviani; Marcantonio; Mucina, 2016), fundamental para a existéncia de refugios que
sustentam a biodiversidade (Fitzsimons; Michael, 2017; Keppel et al., 2012; Zachos;
Habel, 2011). Além disso, desempenha um papel essencial na adaptagdo as mudancgas
climaticas (Burke, 2003b; Schut et al., 2014), na gestdo dos recursos hidricos e na
promogao de praticas sustentaveis de uso da terra (Lunguinho, 2018).

O solo contribui diretamente para a formagdo e manutencdo dos ecossistemas

nesses locais, oferecendo insights valiosos para sua conservagao e manejo. Como um
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verdadeiro “portador de informagdes”, ele resguarda a historia ambiental, tornando-se um
elemento essencial que exige atengao e cuidado (Bouma et al., 2022).

Embora os solos desenvolvidos nos inselbergs sejam de grande importancia, os
estudos realizados até o momento tém seguido outras abordagens, tais como: a) o
primeiro esta relacionado a uma perspectiva ecologica, com énfase na importancia
exercida pelos diferentes microhabitats existentes nessas fei¢gdes, na constituicdo de
microambientes altamente especializados ou raros (Porembski; Barthlott, 2000) que
podem funcionar como refugios de biodiversidade (Burke, 2003b; Porembski; Barthlott,
2000; Porembski, 2007); b) o segundo procura explicar a génese € 0S processos
geoldgico-geomorfoldgicos evolutivos multiescalares desses relevos (Maia; Nascimento,
2018; Matmon et al., 2013; Migon, 2006; Twidale, 1982; 2002), e por fim, c) o terceiro
visa a valorizagdo (geo)patrimonial dessas areas, sob uma o6tica de utilizacao sustentavel,
articulando a geoconservagado com servigos ecossistémicos (Migon; Maia, 2020; Souza;
Xavier; Borges Neto, 2024).

Assim, com base nessa perspectiva, surge o seguinte questionamento: como os
inselbergs e os diversos ambientes a eles associados, influenciam a génese e
distribuigado dos solos?

Os solos da Caatinga sao geralmente incipientes, rasos, moderadamente acidos
a moderadamente alcalinos, eutroficos, secos, com baixos teores de carbono orgénico e
menos desenvolvidos, quando comparados, por exemplo, aos solos das regides tropicais
umidas do Brasil (Araujo Filho et al., 2017; 2023; Galindo et al., 2008). Em contrapartida,
a hipétese aqui é de que os inselbergs exercem um papel fundamental na génese dos
solos, devido seu complexo arranjo topografico, que influenciam fatores como a
distribuicdo e retencdo de agua, sedimentos, nutrientes e residuos organicos, a
exposigao solar, a topografia e a protegcédo contra a erosao. Essas caracteristicas criam
condi¢des distintas na sua formacado nos diferentes ambientes, resultando em uma
variedade de classes de solo com propriedades uUnicas e distribuicao espacial especifica
quando comparadas a génese de solos tipicos da Caatinga semiarida.

Para testar essa hipotese, esta pesquisa teve como objetivo geral compreender se
as formas de relevo associadas aos inselbergs favorecem a existéncia de ambientes com

condi¢gdes mesoldgicas mais propicias ao desenvolvimento do solo e a manutencgao de
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vegetagao sensivel a escassez hidrica. Para isso, foram estabelecidos trés objetivos
especificos: i) realizar uma revisao sistematica da literatura sobre as relagdes entre
relevo, solo e vegetagao em afloramentos rochosos de ambientes aridos e semiaridos
(quentes e secos); ii) investigar a génese dos solos desenvolvidos nos inselbergs da area
de estudo; iii) analisar os principais mecanismos de persisténcia da matéria organica do
solo (MOS).

O Campo de Inselbergs Graniticos (CIG) na superficie do Pluton Bravo, situado no
Cariri paraibano, Nordeste brasileiro, serviu de laboratdrio para a execucédo dessa
pesquisa. Ressalta-se que a escolha dessa area foi baseada por ela reunir um conjunto
signitificativo de inselbergs catalogados para compor o projeto Geoparque Cariri

Paraibano (Lages et al., 2018).

1.1 ESTRUTURACAO DA TESE

A tese foi organizada em capitulos gerais e especificos. Os capitulos gerais 1, 2,
3 e 7, apresentam informacgdes amplas e fundamentais sobre o tema estudado, situando
problema de pesquisa dentro de um panorama mais amplo, enquanto os capitulos 4, 5 e
6 apresentam, em formato de artigo cientifico os resultados e discussdes associados aos
objetivos apresentados.

Quanto aos capitulos especificos, apresentam-se os seguintes:

e O capitulo 4 - RELACOES SISTEMICAS ENTRE RELEVO-SOLO-PLANTA EM
AFLORAMENTOS ROCHOSOS, faz referéncia ao primeiro artigo publicado desta
tese, no periodico Sociedade & Natureza, denominado de Literature review of
relief-soil-plant interaction in rock outcrops (item 4.1). Este manuscrito de revisao
apresenta um panorama global sobre as principais relagdes observadas entre
relevo-solo-planta em afloramentos rochosos submetidos a condigdes climaticas
quentes e secas;

e O capitulo 5 - GENESE DE SOLOS DE BOLSOES EM INSELBERGS NA
CAATINGA, refere-se ao artigo submetido e atualmente em processo de revisao
no periodico Pedosphere, intitulado Soils formed in inselbergs host drought-

sensitive species in the Brazilian semiarid (item 5.1). Este capitulo avanga na
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compreensado dos principais processos pedogenéticos identificados nos solos
situados em bolsdes nos inselbergs na Caatinga e seu significado para a evolugéo
da paisagem;

O capitulo 6 - MATERIA ORGANICA DOS SOLOS EM INSELBERGS NA
CAATINGA apresenta um acabouco de analises detalhadas e complexas sobre
seu fracionamento fisico, assinaturas isotépicas e composicdo bioquimica da
matéria organica existente nos solos dos bolsdes em inselbergs. Intitulado de
Mecanismos de persisténcia da matéria organica dos solos de bolsbées em
inselbergs na caatinga (item 6.1). Este artigo versa sobre provaveis mecanismos
e processos que atuam sinergicamente para a persisténcia da MOS, na Caatinga.
Pretende-se submeter esse artigo a um destes periddicos: Geoderma, Global

Change Biology ou Soil Biology and Biochemistry.
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2. AREA DE ESTUDO

2.1 CONTEXTO REGIONAL

A area de estudo denominada de Campo de Inselbergs Graniticos do Pluton
Bravo, esta situada no Centro-Norte do Planalto da Borborema (PLB), mais

especificamente no interior do estado da Paraiba, Nordeste do Brasil (Figuras 1 e 2).

FIGURA 1 - LOCALIZACAO DA AREA DE ESTUDO. A) LOCALIZAGAO DO BIOMA CAATINGA E DO
PLANALTO DA BORBOREMA,; B) HIPSOMETRIA.
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O PLB engloba desde nucleos remanescentes de complexos arqueanos e
proterozoicos até faixas de dobramento e intrusdes neoprotezoroicas (CPRM, 2021;
Salgado et al., 2015). Esse complexo rochoso cristalino, que constitui o PLB, segundo

Oliveira (2008) € formado principalmente por batdlitos graniticos e complexos de rochas
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metamoérficas gnaissicas-migmatiticas (Figura 2). Em resumo, sua origem reflete uma
série de pulsos epirogenéticos, associados inicialmente ao desmembramento do
Gondwana e posteriormente ao magmatismo continental Cenozoico, que atuaram sobre
estruturas herdadas, dando origem a um mosaico de subcompartimentos com

caracteristicas distintas do ponto de vista morfoestrutural (Corréa et al., 2010).

FIGURA 2 - LOCALIZAGAO DA AREA DE ESTUDO. A) LOCALIZAGAO DO BIOMA CAATINGA E DO
PLANALTO DA BORBOREMA; B) GEOLOGIA SIMPLIFICADA DO PLANALTO DA BORBOREMA.
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O PLB apresenta uma altitude que varia entre 200 m na borda leste e 1.200 m em
terras altas associadas a um sistema horst-graben de rochas mais resistentes. Segundo
a compartimentagao proposta por Cérrea et al. (2010), o PLB contém oito unidades
morfoestruturais, sendo elas: Cimeira Estrutural Sdo José do Campestre, Cimeira
Estrutural Pernambuco-Alagoas, Depressao Intraplanaltica do Pajeu, Depressao

Intraplanaltica do Ipanema, Depressdo Intraplanaltica Paraibana, Depressao
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Intraplanaltica Pernambucana, Macicos Remobilizados Pernambuco-Alagoas e Macicos
Remobilizados do Dominio da Zona Transversal.

Nesse contexto, destaca-se a Depressao Intraplanaltica Paraibana, onde esta
situada a area de estudo, com um relevo predominantemente plano em uma extensa
superficie erosiva desenvolvida em gnaisse e xisto meso e neoproterozoico (Corréa et
al., 2010; Nascimento; Galindo; Medeiros, 2015). Inselbergs desenvolvidos em granitos
Neoproterozoicos, surgem devido a erosao diferencial que rebaixa a superficie regional
(Salgado et al., 2015).

Inselbergs e macicgos residuais sado formas de denudacgado antigas, haja visto a
profundidade crustal de formacao das litologias que os sustentam. Entretanto, os ciclos
de pedogénese e morfogénese ao longo do Quaternario, podem ter levado a remogao
dos mantos de intemperismo e exumacao dos inselbergs (superficies rochosas
expostas), sobretudo quando ha registro da acumulagao coluvial ou de depdsitos de
tanques (cacimbas) associados (Silva; Corréa, 2009).

O clima predominante dessa regidao € o semiarido, caracterizado pela alta
irregularidade espago-temporal na distribuicdo de precipitagdo, variando de 350 a 700
mm por ano (Kayano; Andreoli, 2009; Santana, 2007), e a temperatura média varia entre
25° e 30° C, levando a um valor potencial de evapotranspiracdo quatro vezes maior que
a pluviosidade, e isso consequentemente resulta numa semiaridez severa com até oito
meses de estacao seca (Kayano; Andreoli, 2009). Analises geoquimicas realizadas nos
dominios da Caatinga indicam variagdes climaticas, com umidade no inicio do Holoceno,
seguida por uma fase seca iniciando ha cerca de 4.500 anos, com periodo de chuvas
torrenciais ha 2.000 anos (Nace et al., 2014; Novello et al., 2012).

As caracteristicas climaticas do semiarido, normalmente, condicionam a
ocorréncia de solos com menor grau de desenvolvimento pedogenético na Caatinga,
quando comparados aos solos ocorrentes em regides quentes e umidas (Araujo Filho et
al., 2023). Por isso favorece a concentragéo relativa de bases Ca?*, Mg?*, Na* e K*
(Araujo Filho et al., 2017, 2023). Oliveira et al. (2008, 2009) afirmam que os solos tipicos
da Caatinga apresentam uma relagao mais estreita com o material parental.

Em relagao a distribuicao dos solos, Araujo Filho et al. (2017, 2023) enfatizam que

as rochas acidas em conformidade com o relevo do PLB e a drenagem, favorecem a
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ocorréncia de Neossolos, classe de maior ocorréncia, ocupando uma area de 40,49%
(sendo 31,67% de Neossolo Litdlico; 8,79% de Neossolo Regolitico e 0,02% de Neossolo
Fluvico), seguido pelos Argissolos (21,73%) e Planossolos (11,98%) (IBGE, 2021). Para
o contexto das rochas ricas em minerais maficos, os principais solos sao os Luvissolos
(19,61%) e alguns poucos Vertissolos (0,70%) (Araujo Filho et al., 2017; IBGE, 2021).
Outras classes como os Latossolos, Nitossolos, Cambissolos e Gleissolos juntos somam
apenas 4,76% no PLB (IBGE, 2021).

O bioma Caatinga, resultante dessa complexa combinag¢do de elementos fisico-
ambientais, além de ser o predominante no PLB, usualmente €& caracterizado por ser uma
formacado vegetal caducifélia de porte variavel, geralmente arbustivo ou arboreo
arbustivo, de caracter xerdfilo, que se distingue pela presenca de plantas espinhosas,
cactaceas e bromeliacea (Santos et al., 2011; Silva; Leal; Tabarelli, 2017).

Entretanto, nas areas acima de 800 m de altitude, com a prevaléncia de condi¢des
climaticas mais amenas e umidas, ocorrem ecossistemas florestais semideciduais com
caracteristicas distintas aquelas tipicas da Caatinga semiarida (Araujo Filho et al., 2023;
Souza et al., 2022). Estes ambientes mais elevados e umidos sao denominados de
“Brejos de Altitude” (Gois; Corréa; Monteiro, 2019).

2.2 CAMPO DE INSELBERGS GRANITICOS DO PLUTON BRAVO

A area de estudo esta situada entre os municipios de Cabaceiras e Boa Vista, na

regido do Cariri paraibano (Figura 3).
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FIGURA 3 - LOCALIZAGAO DA AREA DE ESTUDO.
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Este pluton granitico de acordo com Lages et al. (2013) “é um stock de biotita
monzo/sienogranitos de cor cinza, textura faneritica inequigranular grossa a porfiritica
com megacristais de K-feldspato de até 2 cm, alocado entre duas zonas de cisalhamento

conjugadas (NE-SW e E-W)” (Figura 4). Esse grande corpo magmatico intrusivo, se

cristalizou a cerca de 580 M.a., sofrendo sucessivas fases de soerguimento

metamorfismo, entre o Jurassico e o Cretaceo, favorecido por um extenso soerguimento

regional, relacionado ao evento, que fragmentou o supercontinente Pangeia (Lages et al.,

2013; Xavier, Borges Neto; Cunha, 2021).

Geomorfologicamente, como ja mencionado, o CIG do Pluton Bravo esta inserido
no interior do PLB. Segundo a compartimentacédo do PLB realizada por Corréa et al.
(2010), a area de estudo situa-se na “Depressao Intraplanaltica Paraibana”, caracterizada

por uma extensa depressao, onde a baixa atividade tectonica favoreceu a predominancia

de processos denudacionais na modelagem do relevo.
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FIGURA 4 - GEOLOGIA DA AREA DE ESTUDO EM ESCALA DE 1:100.000.
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Se caracteriza como um relevo de amplas colinas suaves separadas por extensos
vales aplainados (Xavier; Borges Neto; Cunha, 2021) e uma amplitude altimétrica de 183
m (Figura 5). O ponto mais elevado no CIG do Pluton Bravo é a “Serra da Aldeia” - como
¢é referida pelos moradores locais -, alcangando uma altitude de 609 m, posicionada no
Centro-Oeste da area de estudo. As areas mais rebaixadas atingem uma altitude minima
de 423 m, distribuidas preferencialmente ao longo da drenagem, principalmente na parte
Oeste, onde passa o Riacho do Pombo e o Rio Boa Vista (Figura 5).

O Pluton Bravo apresenta forma elipsoidal, com 12 km de comprimento por 5 km
de largura, ocupa uma area de aproximadamente 40 km? (Figura 3, 4 e 5). Em sua
superficie, as areas de maior elevagcdo na porcdo centro-sul estdo associadas a

ocorréncia de inselbergs localmente denominados de “lajedos” (Figura 5). Dentre essas
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feicdes as mais conhecidas sdo as seguintes: Lajedo de Pai Mateus, Lajedo da
Salambaia, Lajedo do Bravo, Lajedo Montevideu e Lajedo da Gangorra (Souza; Xavier;
Borges Neto, 2024).

FIGURA 5 — HIPSOMETRIA DA AREA DE ESTUDO.
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Esses lajedos sédo apenas alguns dos que compdem o CIG do Pluton Bravo e
merecem destaque, pois, além de apresentarem a maior extensao espacial, abrigam uma
ampla variedade de feigbes em seus corpos rochosos, como gnammas, fraturas e bordas.
Essas caracteristicas sdo estratégicas para responder as questdes desta pesquisa, pois
favorecem o acumulo de recursos naturais essenciais, como agua, sedimentos e
residuos vegetais e animais (Lunguinho, 2018; Salvador et al., 2023; Souza; Xauvier,
Borges Neto, 2024).

Na area de estudo os lajedos s&o considerados como grandes areas de superficies

rochosas expostas, normalmente de constituigdo granitica, com amplitudes altimétricas
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que raramente ultrapassam 100 m (Souza; Xavier, 2017; Souza; Xavier; Borges Neto,
2024). Lages et al. (2013) afirmam que geralmente esses lajedos assumem formas
dbémicas assimétricas do tipo whaleback (dorso de baleia).

Segundo Xavier, Borges Neto e Cunha (2021), é comum, sobre os lajedos a
presenca de bacias rochosas (gnammas), sendo também conhecidas como wethering
pits ou pias, que se originam a partir de processos de intemperismo diferencial (Twidale,
1982; Twidale; Bourne, 2018). Em geral, as gnammas sao as feicdes dominantes na parte
superior dos lajedos, ocorrendo nas formas fechadas, abertas e/ou em processo de
coalescéncia com outras (Xavier; Borges Neto, Cunha, 2021). Apresentam uma
variedade de tamanhos, que podem ser de poucos centimetros até dezenas de metros
de diametro.

Em relagdo ao contexto climatico local, a precipitacdo média anual varia entre
aproximadamente 316 e 418 mm (DCA-UFCG, 2022) concentrando-se entre os meses
de margo a junho (Breckam et al., 2013), enquanto as temperaturas médias anuais ficam
em torno de 27 °C (Nascimento et al., 2014), com pouca variagdo sazonal, provavelmente
vigente ha pelo menos 4.000 anos (Souza et al., 2023). Os lajedos séo
predominantemente expostos ao sol, enquanto suas bordas e algumas depressdes
topograficas intermediarias estdo sob comunidades florestais e arbustivas bastante
densas, com exemplares de espécies da Mata Atlantica, da Amazénia e do Cerrado, além
de solos com teor de C orgénico mais elevado se comparado aos solos tipicamente
registrados na Caatinga (Lunguinho, 2018; Medeiros, 2019; Migon; Maia, 2020; Salvador
et al., 2023; Souza et al., 2022).
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3. ARRANJO METODOLOGICO

3.1 TRABALHOS DE CAMPO E OBTENGCAO DE DADOS

O primeiro ano de doutoramento, em 2021, foi exclusivamente voltado para cursar
as disciplinas e obtencgao dos créditos, tudo feito remotamente por conta da pandemia do
COVID-19. No segundo ano, em 2022, foram realizadas trés campanhas de campo,
sendo elas: i) campo exploratério ocorrido entre 18 e 21 de janeiro — com objetivo de
visitar e reconhecer diversas areas potenciais sobre o Planalto da Borborema. Nesse
campo foram discutidas uma série de propostas tematicas e de areas, pensando no seu
impacto cientifico e viabilidade de execugao, optando-se por um esbogo inicial da
proposta aqui desenvolvida; ii) primeiro trabalho de campo exclusivo para a area do CIG
do Pluton Bravo, realizado no periodo de 25 a 30 de junho — nessa campanha a ideia foi
identificar, avaliar e discutir os locais mais significativos para as coletas de solo, contando
com a abertura de um perfil; iii) segunda campanha de campo ocorrida entre 21 e 25 de
novembro — nesse trabalho de campo foram abertos, descritos e coletados dez perfis de
solo em diferentes posigdes topograficas e ambientes dos inselbergs no Pluton Bravo,
previamente no campo anterior.

E importante ressaltar que as parcerias estabelecidas entre pesquisadores e seus
respectivos grupos de estudos e instituicdes foram essenciais a execugdo dessa
proposta. Com isso, foi possivel ter acesso a um banco de dados — particular — amplo e
diverso, com analises de solo, geomorfologia e vegetacdo com inicio de obtengdo em
2017, que agregou ainda mais informagdes a esse manuscrito.

Esse banco de dados pertence a uma rede de pesquisa sobre mudancgas
ambientais e dinamica da paisagem do semiarido brasileiro, com a maioria das
informacgdes coletadas na regiao do Cariri paraibano, envolvendo os seguintes parceiros:
Laboratério de Estudos do Semiarido da Universidade Federal da Paraiba (LAESA-
UFPB) sob a coordenagao do Prof. Dr. Bartolomeu Israel de Souza; Grupo de Estudos
Geomorfolégicos e Hidroecologicos de Ambientes Tropicais da Universidade Estadual da
Paraiba (GEGHAT-UEPB) coordenado pelos professores Dr. Rafael Albuquerque Xavier

e Valéria Raquel Porto de Lima; Departamento de Solos da Universidade Federal de
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Vigosa (DPS-UFV), contando com a parceria do Prof. Dr. José Jo&o Lelis Leal de Souza;
e mais recentemente, em 2021, o Laboratério de Biogeografia e Solos da Universidade
Federal do Parana (LABS-UFPR) sob a lideranga do Prof. Dr. Leonardo José Cordeiro
Santos.

A sequir, na Figura 6, é possivel observar a distribuicao espacial de todos os perfis
de solos analisados nesta pesquisa. Ao todo, foram considerados 31 perfis de solo, sendo
21 perfis no CIG do Pluton Bravo e 10 perfis no contexto tipico da Caatinga (Figura 6).
Os perfis P1, P2, P3, P4, P5, P6, P7, P17, P18, P19 e P24 foram coletados
exclusivamente para esta pesquisa durante os trabalhos de campo de 2022, enquanto os
perfis P8, P9, P10, P11, P12, P13, P14, P15, P16, P20, P21, P22, P23, P25, P26, P27,
P28, P29, P30 e P31 s&o oriundos do banco de dados privativo, do qual também
participou-se das coletas, e que foram gentilmente fornecidos atraves das parcerias
estabelecidas (Figura 6). A partir dessa variedade de perfis, foi possivel comparar as
propriedades dos solos situados em diferentes contextos paisagisticos, e assim avangar

na compreensao da sua génese.
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FIGURA 6 — DISTRIBUICAO DOS PERFIS DE SOLO ANALISADOS (A E C). LOCALIZAGAO DA AREA
DE ESTUDO (B).
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3.2 PROCEDIMENTOS LABORATORIAIS

Todos os perfis de solo descritos e coletados, tanto os exclusivos para esta
pesquisa como os perfis do banco de dados, foram devidamente embalados e enviados
para serem realizadas as analises quimicas e fisicas nos laboratérios de solos do
Departamento de Solos da UFV, em Vigosa, Minas Gerais. Durante o ultimo semestre de
2024, em virtude da necessidade de compreender melhor os possiveis mecanismos de
persisténcia da matéria organica dos solos nos bolsdes dos inselbergs, realizou-se uma
Mobilidade Académica para a UFV, para cursar a disciplina sobre matéria organica do
solo (SOL — 660) e poder realizar os procedimentos laboratoriais necessarios a
construgao do artigo do capitulo 6.

Num primeiro momento, consultou-se outros pesquisadores com expertise na
tematica vinculados ao Laboratério de Isétopos Estaveis (LIE-UFV), para definir quais
técnicas/analises seriam mais viaveis e disponiveis de serem realizadas no laboratério e
que pudessem responder as questdes levantadas na Tese.

Seguindo as diretrizes adotadas, optou-se pelo fracionamento fisico da matéria
organica do solo (MOS) conforme o método proposto por Cambardella e Elliott (1992).
Esse procedimento permite a separacédo da MOS em duas fragdes: a matéria organica
associada aos minerais (MOAM) e a matéria organica particulada (MOP). Apds o
fracionamento, foram determinados, em cada fragdo, os teores de Carbono (C) e
Nitrogénio (N), bem como suas assinaturas isotopicas de 3'3C e &'5N.

Esse procedimento permite identificar qual fracdo € mais rica em C e N, além de
indicar a possivel origem da MOS (8'3C) e a ciclagem de nutrientes (8'°N). Logo em
seguida, utilizou-se o material restante das fragdes para empregar uma Termoquimolise
usando Hidroxido de tetrametilaménio (HTMA) off-line, de acordo com Chefetz et al.
(2000) e Del Rio et al. (1998). Essa técnica permite compreender a composi¢ao
bioquimica da MOS, e a partir disso, sugerir a possivel origem dos compostos organicos.

Os demais detalhamentos sao apresentados nos capitulos de cada artigo, com

fins de maior praticidade e melhor organizagao.
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4. RELAGOES SISTEMICAS ENTRE RELEVO-SOLO-PLANTA EM AFLORAMENTOS
ROCHOSOS

Nesse capitulo o objetivo é apresentar um panorama acerca das principais
interacdes identificadas entre relevo-solo-planta observadas em alforamentos rochosos
sob condi¢des climaticas quentes e secas, numa escala global. Baseado numa busca
sistematica pela literatura, foram selecionados estudos que pudessem ajudar a encontrar
padrdes nas relagdes entre as variaveis escolhidas, e se eram passiveis de serem
extrapoladas para ambientes de litologias e morfologias distintas. Também foram
observadas as principais tendéncias e lacunas dos estudos sobre esses ambientes. Em
resumo, esse capitulo norteou os demais capitulos da Tese.

Este capitulo representa o artigo ja publicado no periédico Sociedade & Natureza,
vinculado ao Instituto de Geografia da Universidade Federal de Uberlandia, Minas Gerais.
Esta revista € um veiculo de divulgacéao cientifica iniciado em 1989, com classificagéo
(A1) para periodicos na area de conhecimento da Geografia, segundo o Qualis CAPES
(sistema  brasileiro de avaliagdo de  periodicos). Link de  acesso:
https://seer.ufu.br/index.php/sociedadenatureza/article/view/75884 ou DOI:
10.14393/SN-v37-2025-75884.

41 LITERATURE REVIEW OF RELIEF-SOIL-PLANT INTERACTION IN ROCK
OUTCROPS

4.1.1 Abstract

Rock outcrops (ROs) are geological-geomorphological features that span a wide variety
of climates and biomes. In hot arid and semiarid regions, ROs support the occurrence of
landscape elements different from those in the surrounding matrix. Furthermore, ROs are
essential for protecting and maintaining specialized ecosystems, serving as a shelter for
biodiversity. This importance is even more visible with the growing number of publications.
A systematic literature review synthesized the relief-soil-vegetation relations influenced
by ROs under hot arid and semiarid climates. A bibliometric survey was carried out on the
Scopus platform throughout the available sample period (1903-2022). The searches
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focused only on research and review articles in English in the title, abstract, and keyword
fields. Most ROs studies focused on biological components, mainly vegetation, while
climate, relief, and soil are considered support variables. ROs are essential for the
occurrence and persistence of specialized ecosystems. Differential erosion, faults and
accumulation of sediments, organic residues and water create microhabitats in ROs.
These microhabitats host a high richness and diversity, once submit species to different
temperature and soil moisture regimes. This diversification of microhabitats provides
biodiversity with relatively safer and more stable shelters, characterizing them as refuges
in dry climates and protecting elements that indicate past temporal conditions. Future

studies/analyses should investigate how variables operate in these environments.

Keywords: Abiotic and biotic interactions; biodiversity; ecological refuges; inselbergs;

microhabitats.

4 .1.2 Introduction

Rock outcrops (ROs) are litho-structural formations that project above the surface
of the surrounding land (Fitzsimons; Michael, 2017). This term has been used to identify
landscapes with surfaces predominantly composed of rock (Kulkarni et al., 2022;
Porembski; Barthlott, 2000). They are found on all continents, in various climates, biomes,
and origins (Migon, 2006; Twidale, 2002; Twidale; Romani, 2005).

Typically, ROs have very clear boundaries compared to the predominant landscape
matrix. The higher elevation in relation to their surroundings, differences in porosity, and
the different morphologies of the ROs (Figure 7) control the flow of water, sediments,
nutrients and organic residues into depressions - e.g., gnammas or cavities — (Figures 7A;
7E; 7F), cracks/fissures/fractures (Figures 7B; 7D; 1G) and especially to the surrounding
rocky slopes (Figures 7F; 7H), constituting depositional and water recharge zones (Letz
et al., 2021; Schut et al., 2014; Zhao et al., 2019). These areas accumulate water and
sediment, providing favorable conditions for the colonization of plant species - often

considered azonal species - (Barcenas-Arguello et al., 2010; Burke, 2001, 2002; Clark-
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loannou; Wardell-dohnson; Millett, 2021; Porembski, 2007; Szarzynski, 2000) and the

development of soil with higher contents of organic carbon (Pérez, 2023; Zhu et al., 2017).

FIGURE 7 - MICROHABITATS DIVERSIFICATION IN ROS ACCORDING TO THEIR GEOMORPHIC
POSITION. SUMMIT CONDITIONS: CRACKS/FISSURES (A AND B) AND GNAMMAS (E — RED
CIRCLE, AND F). SHOULDER, BACKSLOPE, AND FOOTSLOPE CONDITIONS: SHALLOW SOILS (C),
CRACKS/FISSURES (B, D AND G) AND GNAMMAS (F — BLUE CIRCLE). TOESLOPE CONDITIONS (F
— WHITE CIRCLE, AND H).

SOURCE: Figures A, B, and C are examples of Mexican ROs (Barcenas-Arguello et al., 2010); D example
of ROs in Niger (Anthelme; Mato; Maley, 2008); E and F (Yates et al., 2019), G and H (Clark-loannou;
Wardell-Johnson; Millett, 2021) both examples of ROs in Australia. Elaboration by author (2023).
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The ROs isolate ecosystems and induce the occurrence of endemic plant species
(Fitzsimons; Michael, 2017; Ottaviani; Marcantonio; Mucina, 2016). In general, ROs favor
the occurrence of isolated ecosystems (terrestrial islands), interspersed in the surrounding
landscape, a condition that makes them favorable to the presence of endemic plant
species, as well as others not yet known, occurring especially in arid and semiarid climate
environments (Fitzsimons; Michael, 2017; Ottaviani; Marcantonio; Mucina, 2016). Each
RO houses different microhabitats, with different soil conditions and microclimatic factors.
Summits and gentle slopes have shallow, seasonally flooded soils isolated by bare rock.
Seasonal herbaceous species or low shrubs cover these areas. At the base of RO, soils
accumulate water and sediments carried from the upper part, forming deeper soils,
continuous, dense, and tall vegetation (Barcenas-Arguello et al., 2010; Schut et al., 2014;
Yates et al., 2019). The relative isolation between microhabitats (Oliveira; Godoy, 2007;
Ornduff, 1987; Keppel et al., 2012) leads to an increase in diversity in plant communities
(Kluge; Brulfert, 2000; Porembski; Barthlott, 2000).

The ROs in humid tropical regions, such as southeastern Brazil, are usually
occupied by species adapted to xeric ecosystems (Porembski; Barthlott, 2000; Porembski
et al., 1998). The opposite is observed in dry environments, such as southwestern
Australia (Clark-loannou; Wardell-Johnson; Millett, 2021) and the desert regions of
Namibia (Burke, 2001, 2002, 2003a), Niger (Anthelme; Mato; Maley, 2008), Iran (Rafiee
et al., 2022) and Israel (Yair; Danin, 1980). In dry climate conditions, ROs regulate the
flow of rainwater to the lower areas close to their surroundings, allowing greater
accumulation of moisture compared to the predominant landscape matrix, and thus
favoring the colonization of plants adapted to mesic environments (Burke, 2003b; Lopes;
Ramos; Almeida, 2017; Porembski, 2007; Schut et al., 2014; Yates et al., 2019). Burke
(2001, 2002, 2003b) and Oliveira and Godoy (2007) state that ROs induce shallow soils,
high temperature fluctuations, insolation and strong winds, water scarcity and high
evaporation rates, composing what many authors call "xeric islands" under the regional
domain of humid climates (Porembsky et al., 1998; Parmentier, 2003), presenting a high
regional diversity of plant communities (Kluge; Brulfert, 2000).

ROs occur in a wide variety of climates, although they are more abundant in dry

conditions, presenting diverse microhabitats (Porembski et al., 1998; Rafiee et al., 2022;
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Twidale; Romani, 2005). They thus harbor species with distinct ecological requirements,
whose composition reflects the depth of the soils and topographic gradients on a local
scale associated with regional climatic conditions which, together, affect the availability of
water (Parmentie; Stévart; Hardy, 2005; Sarthou et al., 2017; Schut et al., 2014). Although
there is growing interest in studies of these areas, many gaps still need to be filled,
particularly those concerning the presence of plant species and the specific environmental
factors that determine their colonization in these areas (Yates et al., 2019).

Based on this, we decided to carry out a systematic review of the existing literature
to synthesize the main interactions that occur between relief, soil and vegetation
influenced by ROs under hot arid and semiarid climates. Our work aims to: (I) characterize
the types of rocky outcrops studied (landforms, lithology and geographical location); (I1)
analyze the aims of the studies; (Ill) synthesize the main geomorphological, pedological
and ecological conditions of the ROs that support a vegetation distinct from the
environmental characteristics of the predominant landscape matrix; and (IV) identify the

existing gaps and suggest ways of solving them.

4.1.3 Methodology

We used the Scopus database, the most extensive grouping of information from
summaries and citations of peer-reviewed literature, with bibliometric tools to track,
analyze, and visualize the research. Only scientific articles published in English were
considered. The source should meet the criteria of a peer-reviewed article or full-text
review with abstracts and texts available electronically. Based on the methodological
proposal of the protocol Preferred Reporting Items for Systematic Review and Meta-
Analysis — PRISMA (Page et al., 2021; Pham et al., 2014), the following steps (Figure 8)

were included in the systematic review:



FIGURE 8 - FLOWCHART OF THE STUDY SELECTION PROCESS.
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SOURCE: Adapted from PRISMA (Page et al., 2021; Pham et al., 2014). Elaboration by author (2023).

Identification: potential articles were listed in the selected electronic database, and

snowballing was used to add relevant articles, manually analyzing the references
section of the articles (GREENHALGH; PEACOCK, 2005). The search query applied

to the database included the following terms: rock*, outcrop*, arid*, semiarid*, semi-

arid*, dry*, hot*, soil*, plant*, vegeta*, landform*, water*. We truncated the suffix of all

the words, using the "*" to broaden the scope of the searches. The initial search was

implemented in September 2022 and updated in January and February 2023. The

entire sample period available by Scopus (1903-2022) was considered except for

2023. All information regarding the selected articles was imported, and duplicate

records were removed.
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2. Screening: manuscripts that did not meet the minimum inclusion criteria were

excluded after analysis of title, abstract, and keywords.

3. Eligibility: manuscripts that did not addressed in detail the interactions between soil-

plant-geomorphology in the ROs were excluded.

4. Included: articles that met the eligibility criteria were included, tabulated and analyzed
in subsequent sections. Those that were excluded in this selection phase but were

considered useful for this review were also referenced in other sections.

4.1.3.1 Methodological arrangements of selected articles

The methodological framework was divided into the most present environmental
variables, namely: climatological, geomorphological, pedological, and vegetation.
Subsequently, these variables were subdivided to facilitate further the organization and
understanding of the respective methodological information in the articles included in the

review. With this, we have the following:

1. Climate: Seasonality — use of data relating to precipitation and temperature at certain
times of the year to compare the temporal variation of results; Precipitation and

Temperature — measured and used in studies.

2. Geomorphology: Geographic position — refers to its exact positioning, the degree of
isolation of an RO concerning others, and the direction of the slopes; Geomorphic
position — compartmentalizes the position of microhabitats, following a geomorphic
surface logic (Alves et al., 2024; Zinck, 2023); Topographic aspects — the topographic

characteristics of ROs are relative, such as slope, degree of curvature and amplitude.

3. Soil: Physical soil properties — in this item only texture/granulometry was considered,
as it was the predominant analysis in the selected studies; Chemical soil properties —
analyzes of pH (acidity), nutrient content (Ca, Mg, P, K, N, etc.) and organic carbon

(C) were considered when available.

4. Vegetation: Phytosociological survey — standardized collection of vegetation;

Taxonomic diversity — quantification of the number of species presents in an area;
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Functional diversity — expresses the degree of functional differences between
species. We searched the literature for studies on taxonomic diversity involving
Angiosperms, given their permanent nature in arid and semiarid climate areas as well

as their functional diversity.

4.1.3.2 Word cloud elaboration

To understand the predominance of modal concepts used in the studies selected
in this review, a word cloud was created. We selected only the titles, abstracts and
keywords of the articles. The word cloud was created on the Fluorish* platform and is free

of charge at the following website: https://flourish.studio/.

4.1.4 Results

4.1.4.1 Overview

After all identification, screening, eligibility, and inclusion procedures based on
PRISMA (Figure 8), 11 articles were selected for review (APENDICE A). Figure 9 and
Table 1 show, respectively, the location and main characteristics of the study areas of
these articles.

According to Table 1, it was observed that studies are mainly concentrated in
Australia (4) and Namibia (3). The other articles are evenly distributed in Israel (1), Niger
(1), Mexico (1) and Iran (1). The geology is variable, with emphasis on the predominance
of granites (7), followed by limestone (3) and basalt (2). Regarding the different landforms,
inselbergs are the most recurrent (6), followed by mountains and hills with two each. Mesa
(tableland) had only one study (Table 1).

The elevation of the study areas varies between 125 m in Australia and 2.655 m in
Iran, revealing a wide variation (Table 1). The areas with lower altitudes are located in
Australia (125 m), Mexico (163 m), and Israel (478 m), conversely in Iran (2.655 m), Niger
(2.000 m), and Namibia (1.379 m), there are areas higher.
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Average annual rainfall varies from 50 mm in African countries (Namibia and Niger)
to 1.400 mm in Australia. As a reflection of the previously mentioned physical-
environmental configurations, it was observed that the vegetation formations are quite
diverse and complex, ranging from Forests (6), Barren Desert (5), Herbaceous (4),
Woodlands (4), Scrubs (4) and Dwarf scrub (3). It is evident that in Australia, all studies
were carried out in the so-called Southwest Australian Floristic Region (SWAFR), one of

the most important hotspots of biodiversity in the world (Zachos; Habel, 2011).

TABLE 1 - GENERAL CHARACTERISTICS OF THE STUDY AREAS.

Country/ Elevation Precipitation Vegetation formation?
Continent Geology Landform (m) (mm)’ Class Subclass References
. . . Barren Rock Yair e Danin
Israel, Asia Limestone Hill 478 91 Desert desert (1980)
Basalt, granite, Barren Rock
:aorizgingenselzzﬁfs‘t Inselber 1.095- 50-200 — Iijlleasirflrt Burke
’ 9 1.379 Dwarf scrub ainty (2001; 2002)
and materials of deciduous
Namibia, volcanic origin Herbaceous Savannas
Africa Barren Rock
Mesa Desert desert
Basalt (tableland) 800-1.200 50-100 Dwarf scrub Mglnly Burke (2003a)
deciduous
Herbaceous Savannas
Niger, Regionally granitic Mourl1ta|n 1.400- Barren Rock Anthelme, Mato
Africa and locally (Extinct 2000 50-100 Desert desert and
volcanic volcano) ’ Maley (2008)
Ranges from
Mexico, Illr,lgel'tsztoazglltl:l: Mainly Barcenas-
North 9 L Hill 163-1.000 798 Forests deciduous Arguello et al.
) limestone,
America . ) forests (2010)
andesite, siltstone
to mica schist
Schut et al.
125-555 314-1.208 (2014)
Ottaviani,
Marcantonio
326-547 300-1.100 Forests, and Mucina
Austrah.a, Granite Inselberg Woodlands Mgmly (2016)
Oceania 125.555 300-1.400 and deciduous Yates et al.
’ Scrub (2019)
Clark-loannou,
Wardell-
324-495 800-1.000 Johnson, Millett
(2021)
Herbaceous Steppes Rafi tal
iee et al.
Iran, Asia Limestone Mountain 882-2.655 160-910 i
Forests Mainly (2022)
evergreen

' Average annual precipitation in millimeters. 2 Adapted of International Union for Conservation of Nature
and Natural Resources - IUCN (1973). Elaboration by author (2023).
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4.1.4.1.1 Word cloud

The word cloud was created based on the most recurrent keywords in the 11
selected articles (Figure 10). In Figure 10, the 50 words with the greatest predominance
can be seen. Of these, the following stand out: “soil(s)” (56); “species” (37); “plant(s)” (35);
“‘island mountain(s)” (34); “outcrop(s)” (34); “habitat(s)” (31); “vegetation” (22); “granite”
(21); “diversity” (20); and "floristic(s)” (20). These terms suggest that the fields of
knowledge focused on the biotic environment, such as ecology, botany and biogeography,
are the most present in studies on ROs. Other words, like, “biodiversity® (17),
“conservation” (13), “functional” (11), “environmental” (10), and "community(ies)” (10),

seem to reinforce this preference.

FIGURE 10 - CLOUD OF THE 50 MOST USED WORDS IN THE ARTICLES INCLUDED IN THIS

REVIEW.
influence(d)
: surrounding
B functional factor(s) site(s)
o study(ies)
) relationship(s)
climate(s) local
Outcrop(s) pateme) 1nse]berg(s)
variable(s) conservation mesas e K
habs specles ety
geology t )a ].tatt((S)) environmental 1 blOleE?rSlty
change(s) community(ies .
scale(s) between slope(s) gradl.ent(s)p ant(S)
composition gramte landscape(s)
mountain(s) .. ation vegetation
across properties  rangeland(s)

SOURCE: The author (2023).

4.1.4.2 Methodological aspects

The main objects of the selected studies were divided into the four most common

environmental variables (Figure 11). The most significant emphasis is given to
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geomorphological analyses (29 - orange boxes), followed by vegetation (21 - green
boxes), climatic elements (10 - blue boxes), and, finally, soil (9 - brown boxes).

In geomorphological analysis, it is possible to observe that topographic aspects are
present in all studies, followed by geographic position (10) and geomorphic position (8).
In the context of vegetation, the phytosociological survey (10) is a basic procedure,

serving as a prerequisite for analyses of taxonomic diversity (8) and functional diversity

(3)-

FIGURE 11 - OVERVIEW OF THE MAIN ENVIRONMENTAL VARIABLES USED IN THE SELECTED
STUDIES.

Environmental variables
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SOURCE: | - Yair and Danin (1980). Il - Burke (2001). lll - Burke (2002). IV - Burke (2003a). V - Anthelme,
Mato and Maley (2008). VI - Barcenas-Arguello et al. (2010). VII - Schut et al. (2014). VIII - Ottaviani,
Marcantonio and Mucina (2016). IX - Yates et al. (2019). X - Clark-loannou, Wardell-Johnson and Millet
(2021). XI - Rafiee et al. (2022). Elaboration by author (2023).
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Soil classification was mentioned in a general way, with the most probably soll
groups and orders but no soil profiles were identified in the studies. Even so, there is a
wide variety of approaches. Analyzes of physical properties are restricted to granulometry
(5), while the chemical properties monitored include pH, organic carbon (C), nitrogen (N),
and phosphorus (P), and exchangeable contents of potassium (K), sodium (Na), calcium
(Ca), magnesium (Mg) and iron (Fe) (4).

About climatic elements, precipitation is the most used (6), while only two studies
addressed seasonality and temperature. In fact, for arid and semiarid environments,

precipitation is the most important regional climate factor (Rafiee et al., 2022).

4.1.5 Description of the main results and interactions observed in the selected articles

1. Yair and Danin (1980): The authors observed two trends in the spatial variability of
the soil moisture regime: a) In areas of resistant rocks and low porosity, the moisture
regime is controlled mainly by the bedrock structure, i.e. by the thickness of the rock
strata and the spacing between adjacent fissures/faults/fractures. In the case of
massive limestone, the rock strata are thick and contain spaced joints. Surface
properties are characterized by extensive ROs and deep fissures/faults/fractures in
the rock (ranging from 100 to 150cm) filled with limited volumes of soil. Combining
these extensive rocky surfaces — where runoff is high — with the limited soil volume
(collecting water directly from rain and subsequently from runoff) resulted in a better
water regime on slopes (ROs) in arid environments. The dimensions of water and
sediment/soil receiving areas can vary greatly over short distances, favoring a wide
diversity of microhabitats in ROs with uniform lithology and appearance. Dense,
shallow joints and relatively thin rock strata were visualized for not massive rock units.
Surface properties are characterized by very limited/small ROs and shallow, stony
soils. Under these conditions, water entry via runoff is limited, resulting in a relatively
poor to very poor water regime. Field observations carried out in the deserts of Israel
and Sinai indicate that: a) the relationship between rock structure and soil moisture
regime described above can also be found in other massive rock formations, such as
dolomite and granite; b) along slopes with the lower part covered by a colluvial

blanket, the thickness of which increases along the slope, a systematic and gradual
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decrease in soil moisture content was recorded in the colluvium section. This trend is
probably caused by the fact that most, and often all, of the surface runoff generated
in the upper rocky part of the slope infiltrates the upper to middle part of the colluvium.
The lower part of the colluvium is typically fed by the limited amount of direct rain that
falls in the area. Such a water regime implies, over a slope length of 20-30m, a rapid
transition from a Mediterranean-Iranotoranian plant community to a community where
Saharo-Arabian species predominate.

Burke (2001): a) At a landscape scale (macroscale), the floristic composition of
inselberg plant communities was largely determined by the geographic position,
geology, elevation, habitat diversity, surrounding the ROs and the surface area of the
inselbergs; b) the environmental variables that operate at the landscape level had a
greater influence on the functional composition than on the floristic composition; c)
stochastic variables were more important in the formation of the flora of the arid
inselbergs of Nama Karoo than deterministic processes, such as niche relationships

and competition.

Burke (2002): a) The underlying geology determines the physical properties of the
soil; b) soil chemical properties are influenced by underlying geology and probably
biogenic processes as well as atmospheric input; c) soil properties are affected by
topography and relief but are not influenced by the aspect of the slope. The study also
showed that the relief characteristics probably affect the release, redistribution and
deposition of nutrients. The role of inselbergs in contributing nutrients to the
surrounding plains can be extremely important in maintaining functioning ecosystems
and landscapes, as well as a seed reservoir, which is an important aspect to consider
in resource conservation and planning. Granite inselbergs showed closer links with
nearby mountainous habitats than dolerite ridges. Higher ROs had closer links to
mountainous habitats than lower ones. Many species, largely with broad habitat
requirements, are shared between inselbergs and potential continental habitats. More
transient populations of short-lived species are probably shared between the dolerite
ridges and the potential mainland, compared to longer-lived plants on granite

inselbergs.
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Burke (2003a): Mesa (tableland) supports different plant communities than the
surrounding plains, while slopes indicate varying mixing levels with summit
vegetation. Differences between mesas/ summit and plains became more
pronounced with increasing elevation. However, no clear vegetation belts related to
elevation were observed. Plant species richness and number of mesa/summit
specialists tended to increase in numbers with elevation, but these trends were not
statistically significant, largely due to high variability among samples. Soil properties
evidenced soil gradients. Altitudinal effects expressed by humidity and temperatures
influenced plant species composition and richness directly. Soil gradients can also
indicate the flow of nutrients from Mesa (tableland) to surrounding lowlands, a process
of ecological importance particularly in degraded sites due to overgrazing becomes

problematic in lowland areas.

Anthelme, Mato and Maley (2008): The results indicated that among the 151 species
identified, 12 were recorded for the first time in Niger, and 53 were not found in the
adjacent lowlands, thus highlighting the true specificity of a mountain. A five-class
habitat variable separated a relatively high portion of Saharan-Mediterranean species
(8%) located in microhabitats on volcanic rock, and Guinean-Sudanese-Zambezian
species (13%) located in microhabitats on granite rock. These two habitats provided
local abiotic refuges, which protected a group of aridity relict species and, probably,
herbivores. Therefore, species persistence may depend on regional and local abiotic

variables.

Barcenas-Argilello et al. (2010): The discontinuous distribution of the three species
of Cephalocereus is not restricted to a calcareous environment. The distribution
pattern appears related to specific rock inclusions for each species acting as rocky
and edaphic islands. All species studied accumulate biominerals in their tissues, but
this does not impact the mineral composition of the soil. The authors reveal that the
crystalline forms present in the species do not belong to the same system, and the
wide variety of forms must be studied to understand their taxonomic value. Due to the
association between parental material and soil preference in the three Cephalocereus

species studied, the authors state that these factors promoted their endemicity; that
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is, it is essential to take into account parental material and soil preference associations

to understand the endemicity of the Cactaceae fully.

Schut et al. (2014): Using granite ROs in the SWAFR as a case study, they found
that the vegetation surrounding the ROs included a wide range of structural classes,
reflecting differences in local topography, soil depth, and water influx associated with
the great diversity of habitats that were found there. In a scenario of reduced rainfall
predicted for the region, they identified areas where the vegetation structure could
persist for longer, thus providing safe havens for biota under climate change.
However, it is recognized that interactions such as fire and declining water tables also
influence the response to climate change. Furthermore, the projections are likely
conservative, as the current vegetation structure may not yet reflect the major

changes in reduced rainfall that occurred in 2000-2010.

Ottaviani, Marcantonio and Mucina (2016): a) Functional diversification, probably
aimed at avoiding intra- and interspecific competition for the acquisition of light and
nutrients, maybe the important factor in deep soil (micro)habitats; b) patches of deep
soil around granite ROs can serve as ecological microrefuges for biota associated

with resource-rich environments.

Yates et al. (2019): The authors recorded 92 families and 1.060 plant species. They
compared three types of habitats in granite ROs, namely: herbaceous vegetation in
gnamma (HVG); woody vegetation in gnamma (WVG), and woody vegetation in the
alluvium-colluvium found around/toeslope of the ROs (WVB). At the plot level, local
soil variables that affect aridity were correlated with species richness in herbaceous
and woody vegetation of gnammas filled by soil (HVG and WVG), but not woody
vegetation in deeper soils at the toeslope of ROs (WVB). At the RO level, bioclimatic
variables affecting aridity were correlated with species richness in two habitats (WVG
and WVB), but, contrary to predictions from island biogeography, were not correlated
with the inselberg area and isolation in either of the three habitats. Species turnover
in each of the three habitats was also influenced by aridity, correlated with bioclimatic
variables and the geographic distance between the plots, and for the HVG and WVG

habitats with local variables. At the RO level, species replacement was the dominant
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component of species turnover in the three habitats, consistent with expectations for

long-term stable landscapes.

10. Clark-loannou, Wardell-Johnson and Millet (2021): The floristic composition of the
RO was mainly controlled by the geographical position and topography of the RO
(slope and northern aspect), while the diversity of the plant community (richness,
abundance, uniformity and diversity of Simpson) was strongly controlled by soil patch
size, regardless of RO location or size. ROs with larger soil patches harbored greater

plant diversity.

11. Rafiee et al. (2022): The results show that changes in soil properties (organic C) most
affected taxonomy, functional diversity, and functional characteristics in RO. Whereas
similar environmental factors (P, organic C, and precipitation) regulated the taxonomic
diversity of ROs and nearby grasslands, functional diversity showed greater drought-
adapted traits at the RO community level. These results highlight the important role of
microscale (local) environmental factors, such as critical species (keystone species)
and microhabitat effects on plant community composition and diversity across

environmental gradients.

4.1.6 Discussion

4.1.6.1 Water: the element that connects the (eco)system

Water availability is essential for the development of life on the planet, varying
spatio-temporally, especially for regions with arid and semiarid climates (Arca et al., 2021;
Huxman et al., 2004). In the context of ROs, specifically, water availability seems to be
even more crucial for the occurrence of microhabitats (Ottaviani; Marcantonio; Mucina,
2016; Rafiee et al., 2022; Schut et al., 2014, Yair; Danin, 1980), serving as a kind of “fuel”
that interconnects and dictates the dynamics of the (eco)systems observed in ROs.

Precipitation is the main source of water in these environments. Once the rain
occurs, part of it will be intercepted by vegetation, another will accumulate in the different
microhabitats, while the largest volume will be drained to the toeslope of the ROs. Surface

runoff ensures the erosion of mineral and organic particles to the toeslope of the ROs or
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concave surfaces. In these portions, organic acids and water accumulation induce
hydrolysis and formation of fine clay and silt-sized particles (Lopez; Bacilio, 2020).
Considering that ROs are mainly composed of lithologies with high resistance to
weathering, the production of fine material in gnammas, cracks, or at the toeslope of ROs
is important for life support (Burke, 2001; 2002; 2003b; Ottaviani; Marcantonio; Mucina,
2016).

Although the studies do not include rain interception by the vegetation canopy and
soil water availability data, it is expected that the higher content of soil organic matter
increases the field capacity and amount of available soil water to ensure that part of the
precipitation persists in the system and nourishes the plants after rainy events and even
during the dry season (Emerson; McGarry, 2003; Hudson, 1994; Minasny; McBratney,
2018). The aggregation of mineral and organic particles via wetting/drying cycles and
biological activity favors the formation of pores, especially macropores — especially in dry
climate environments (Bronick; Lal, 2005; Hirmas et al., 2018). Macropores are
responsible for infiltrating meteoric water that will remain stored in the soil, through
micropores, or feed the water table. Although the erosion process is complex and has no
linear relationship with precipitation, soils with greater vegetation cover and porosity
showed less surface runoff and soil erosion (Bronick; Lal, 2005; Hirmas et al., 2018;
Jarvis; Larsbo, 2023).

4.1.6.2 Relief-soil-plant interactions at the RO interface

To indicate the establishment of patterns of interactions observed between relief-
soil-plant in ROs, this topic was structured in a geomorphic surface logic (Alves et al.,
2024; Zinck, 2023), that is, the interpretations were divided into different geomorphic
positions, being located in conditions of summit, shoulder, backslope, footslope, and
toeslope (alluvium-colluvium), based on a hypothetical scheme of this dynamic (Figure
12).
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FIGURE 12 - SIMPLIFIED HYPOTHETICAL SCHEME OF THE PHYSICAL-ENVIRONMENTAL
DYNAMICS OF ROS IN HOT AND DRY CLIMATE ZONES.
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SOURCE: Based on the work of Anthelme, Mato and Maley (2008), Burke (2001, 2002), Clark-loannou,
Wardell-Johnson and Millet (2021), Ottaviani, Marcantonio and Mucina (2016), Schut et al. (2014) and
Yates et al. (2019). Elaboration by author (2023).

The summit of ROs presents numerous gnammas of variable size and depth.
Sediments accumulated in these gnammas can form incipient soils. These soils are,
unstable, shallow, and have high porosity due to the gravelly coarse texture (Burke, 2002;
Lopez; Bacilio, 2020). Consequently, they are highly susceptible to climatic seasonality,
varying between being saturated with water during the rainy season and having humidity
below the permanent wilting point during the dry season (Certini et al., 2002). These soil
pockets are isolated from each other by extensive areas of rock outcrop. The vegetation
is generally herbaceous, with a short life cycle or low shrub (Figure 13) (Anthelme; Mato;
Maley, 2008; Clark-loannou; Wardell-Johnson; Millet, 2021).



FIGURE 13 - SUMMIT CONDITIONS.
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The shoulder, backslope and footslope, are characterized by housing transitional

microhabitats between the summit and toeslope of the ROs. In most cases, microhabitats

provided by cracks/faults/fissures and gnammas along the slopes receive moisture,

sediments, and nutrients from the top, and consequently, due to gravity, they eventually

lose them to the toeslope (alluvium-colluvium) of the ROs. The vegetation consists of

annual herbaceous plants, with a dominance of shrubs and, to a lesser extent, trees

(Schut et al., 2014; Yates et al., 2019).

Because of this transitional conditions of shoulders, backslopes, and footslopes the

environmental conditions are variable, as depending on the morphological characteristics

they may present conditions similar to the microhabitats at the summit (shallow soils and

smaller vegetation) or enable the occurrence of elements similar to those found at the

toeslope of ROs (deep soils and larger vegetation), as represented in Figure 14 (Ottaviani;

Marcantonio; Mucina, 2016; Yates et al., 2019).



FIGURE 14 - SHOULDER, BACKSLOPE AND FOOTSLOPE CONDITIONS.

ﬁ Shrub, herbaceous and
arboreal vegetation

Gnammas
and/or

fractures

-----

Rock outcrop

face runoff

Shoulder, backslope and
footslope conditions

Legend
Soil

G Evapotranspiration

{

e

SOURCE: The author (2023).

58

Water runoff from higher altitudes (summit and shoulder, backslope and footslope)

accumulates in toeslope and favor deeper soils (Ottaviani; Marcantonio; Mucina, 2016).

These features have higher moisture and nutrient contents, especially organic C. The

vegetation presents greater continuity and may be denser and taller than in the summit

areas and along the slope (Figure 15), or even in the surrounding matrix landscape
(Anthelme; Mato; Maley, 2008; Burke, 2001; 2002; Ottaviani; Marcantonio; Mucina, 2016;

Schut et al., 2014; Yates et al., 2019).

FIGURE 15 - TOESLOPE CONDITIONS (ALLUVIUM-COLLUVIUM).
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4.1.6.2.1 Synthesis of dynamics in ROs

In summary, the dynamics of precipitation and surface runoff on the hard surface
of ROs dictate the redistribution of nutrients, contributing to the diversification of
microhabitats on summit, shoulder, backslope, footslope and toeslope (alluvial-colluvial)
of ROs (Burke, 2002; Clark-loannou; Wardell-dJohnson; Millet, 2021). Some of the
microhabitats - mainly associated with the toeslope of ROs - alluvium-colluvium (Ottaviani;
Marcantonio; Mucina, 2016; Schut et al., 2014) - serve as deposits of nutrients and
moisture which, in turn, time, they provide essential inputs for the occurrence of deeper
soils and with greater input of organic C, enabling the creation of pockets (soil pockets)
rich in resources capable of maintaining relatively stable environmental conditions for long
periods (Burke, 2002, 2003a, 2003b; Ottaviani; Marcantonio; Mucina, 2016).

These dynamics analyzed in ROs become even more important when the local
microclimate of these microhabitats shows a decoupling effect, mainly observed when the
surrounding landscape begins to suffer from periods of drought, some lasting years, while
that sheltered microhabitats retain greater humidity (Keppel et al., 2012; Schut et al.,
2014). Based on the articles included in this review, it is suggested that the relative
environmental stability provided by microhabitats has greater potential in promoting the
persistence of diverse functional characteristics than the predominant landscape
(Anthelme; Mato; Maley, 2008; Ottaviani; Marcantonio; Mucina, 2016; Yates et al., 2019;
Rafiee et al., 2022).

4.1.6.3 ROs as refuges for biodiversity

ROs are ecological refuges since they host species not found in surroundings
(Parmentier et al., 2005; Porembski; Seine; Barthlott, 2000). Occurrence of these
exclusive species is attributed to speciation and extinction due to past climate changes
(Hopper, 2009). Therefore, this set of characteristics ends up giving ROs high
paleoenvironmental importance.

ROs are unique relief forms that can be considered as true “land islands” or
“‘exception areas” (Burke, 2003b; Clark-loannou; Wardell-dJohnson; Millett, 2021;
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Porembski; Barthlott, 2000; Rafiee et al., 2022). According to Ottaviani, Marcantonio, and
Mucina (2016), due to their high diversity of microhabitats, ROs preserve elements (mainly
soils and vegetation) that allow insight into past environmental circumstances (Souza et
al., 2022). These characteristics of ROs, in addition to preserving the past, can serve to
maintain microhabitats in the future, thus functioning as a kind of refuge for biodiversity
(Burke, 2003b; Keppel et al., 2012; Lopes; Ramos; Almeida, 2017; Speziale; Ezcurra,
2014). This is even more important, especially during climate fluctuations (Hampe et al.,
2013), directly interfering with the dynamics of water stress (Schut et al., 2014; Yair;
Danin, 1980).

In general, Keppel et al. (2012) define refuges as sites or microhabitats where
species can potentially retreat to less favorable environmental conditions, survive and
expand into surrounding landscapes when environmental stress (such as water scarcity)
occurs. reduce. Many studies such as those by Keppel et al. (2012), Ottaviani,
Marcantonio and Mucina (2016), Schmalholz and Hyleer (2011), Schut et al. (2014), Yates
et al. (2019), among many others, consider that the potential of a refuge is intrinsically
related to the microclimatic dissociation of predominant regional climate patterns, that is,
while the regional climate experiences increasing water stress, ROs could preserve the
patterns of previous microclimatic conditions (pre-stress).

Lopes, Ramos and Almeida (2017) also mentioned that the steep slope in ROs
promotes greater biodiversity conservation by restricting or hindering human use/access
to these environments. Therefore, it is believed that ROs may be capable of mitigating
environmental changes (Fitzsimons; Michael, 2017; Keppel et al., 2012) due to the
diversification (spatial scale) and stability (temporal scale) of microhabitats related to the
decoupling of the local microclimate from the regionally predominant climate (Ottaviani;
Marcantonio; Mucina, 2016; Schmalholz; Hyleer, 2011; Schut et al., 2014; Speziale;
Ezcurra, 2014), in addition to the high slope in some ROs (Lopes; Ramos; Almeida ,
2017).
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4.1.6.4 Methodological aspects and knowledge limitations

Through the 11 articles included in this review, associated with other equally
relevant works on ROs (e.g.: Keppel et al., 2012; Kulkarni et al., 2022; Porembski, 2007,
among others — APENDICE A), there is a clear tendency on the part of scholars to focus
their research on biological components, and in this case, on vegetation. The word cloud
in Figure 10 corroborates this interpretation. Vegetation is considered the thermometer
and synthesis of current environmental conditions and one of the most visible landscape
elements (Motzkin et al., 1999). Due to the characteristic heterogeneity of ROs, the
possibility of finding new species tends to be greater in these areas than in more
homogeneous environments (Porembski; Barthlott, 2000; Porembski, 2007), which
reinforces the idea of priority for researchers to study the vegetation of ROs. In this regard,
advances are considerable and extremely relevant since the identification and subsequent
establishment of standards seem increasingly recurrent. However, they are insufficient to
explain the complex dynamics in these areas’ ecosystems.

This work noted that practically all studies employed some phytosociological
vegetation survey in ROs - except Burke (2002). Usually, this procedure precedes a
quantification of taxonomic diversity in angiosperms, and functional diversity is analyzed
in isolated cases. Funk et al. (2017), Rafiee et al. 2022 and Zheng et al. (2015) reveal that
approaches based on functional characteristics are very promising and need to be
measured simultaneously with taxonomic diversity to improve the understanding of
different environmental variables in structuring biodiversity in ROs and their surrounding
landscapes (Loreau, 2000). Lithology, geomorphology, and pedology are less detailed
and described succinctly and superficially.

In the case of soil analyses, trenches are not opened to consider the complete
profile. This approach only superficial samples and estimates the depth through the
averages of random samples, as in the case of Ottaviani, Marcantonio and Mucina (2016).
For physical and chemical properties, studies focus on soil particle size and moisture and
pH, C, N, P and K, respectively.

The recurrence of using methodological variables such as topographical aspects

and geographic position (geomorphological) and phytosociological survey (vegetation)
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suggests a preference or even a probable methodological standardization between
studies (see Figure 11), even in very distant locations.

Therefore, the importance of adopting an interdisciplinary approach in these
studies on ROs is highlighted to improve the understanding of the systemic functioning of
these environments. Otherwise, a given variable will be much more investigated and
detailed than the others, leading to a fragmented and reductionist understanding of

systemic dynamics.

4.1.6.5 Suggestions for future research/analysis

Regarding future research, it is suggested that they consider
deepening/verticalizing the understanding of variables that are already widely covered,

including other types of analysis, such as:

1. Climate: When dealing with predominantly arid to semiarid (hot and dry) climatic
environments, which characteristically suffer from high spatio-temporal variability in
the distribution of rainfall, it is recommended to analyze the seasonal distribution of
precipitation and minimum and maximum temperatures in different environmental
gradients (scales), similar to studies carried out by Rafiee et al. (2022) in Iran and
Yates et al. (2019) in Australia.

2. Geomorphological: Carry out aerial photogrammetric surveys to generate Digital
Elevation Models (DEMs) and Digital Terrain Models (DTMs) to improve the surface
detail of the ROs. This makes it possible to calculate the potential surface runoff from
these rock surfaces to the lower areas, similar to the study by Lunguinho (2018) in
Paraiba, Brazil and Schut et al. (2014) in Australia.

3. Pedological: There is an urgent need to include data on water availability through soil
water retention curves to compare the permanent wilting point and field capacity
between ROs and surrounding areas. In addition to measuring available water, such
data will allow us to determine the total stocks of C, N, and P, and better understand
the role of the Caatinga as a reservoir of C. Measuring the C:N:P relationship will shed

light on the regulation of water patterns, vegetation cover (Bui; Henderson, 2013; Fan
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et al., 2015), directly reflecting on soil fertility and indirectly on the nutritional status of
plants (Wang et al., 2008). Carry out physical-chemical tests to confirm the stability
mechanism of soil organic matter (SOM). This can be done through the fractionation
of SOM, and then the characterization of its composition (Campos; Machado, 2017),
which consequently allows its quality to be identified, being more useful for
understanding C cycling in the soil (Campos; Machado, 2017; Cunha; Mendes;
Giongo, 2015). Calculating the stocks of C, N and P for each fraction is also possible,
as they have different sensitivities to degradation (Fan et al., 2015; Six et al., 2022;
Tan et al., 2004). Stable C isotope and radiocarbon analyses are valuable for SOM
and litter dynamics studies. According to Longbottom et al. (2014) the content of 5'3C
is an indicator of the precursor of the plant type, particularly useful in distinguishing
between plants Cs and C4, which may be related to past climatic conditions, being
widely used for paleoenvironmental reconstruction studies (Souza et al., 2022; Xiao
et al., 2013). Quantifying the pedodiversity of these environments also is an important
proposal play significant roles in ecosystem goods and services as well as in human
activities (Adhikari; Hartemink, 2016; Bartkowski et al., 2020). This approach provides
information that reinforces the indication of priority areas for studies and conservation
(Mikhailova et al., 2021).

4.1.7 Conclusions

Based on the literature consulted, the diversification of microhabitats - originating
from different lithological, geomorphological, hydrological and pedological conditions -
provides biodiversity with relatively safer and more stable shelters, characterizing them
as refuges in areas with a dry climate, protecting elements that indicate past temporal
conditions, which need to be further and better investigated in an integrated manner.

The analysis revealed the need for systematic interdisciplinary studies to advance
knowledge of relief-soil-plant interactions. In general, these studies still prevail in biology
and are therefore disciplinary and partial in their integrated reading of functional

relationships within the environmental system.
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It is suggested that future work delve deeper into analyses of the biotic elements
that form these environments, which, in an integrated manner, are the reason for the
existence and permanence of existing singularities, of fundamental importance for a better
understanding and preservation of these areas, as holders of inherited conditions of the
past and with a solid future influence, particularly when thinking in terms of climate change

predicted for dry climate environments around the world.
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5. GENESE DE SOLOS DE BOLSOES EM INSELBERGS NA CAATINGA

Este capitulo apresenta os principais processos pedogenéticos identificados nos
“bolsdes” de solos situados em ambientes de acumulagdo ao longo ou adjacentes as
encostas rochosas dos inselbergs. Foram comparados uma série propriedades
(morfoldgicas, fisicas e quimicas) de perfis de solo nessas condi¢gdes apresentadas
anteriormente, com perfis de solos tipicamente encontrados na matriz paisagistica
predominante da Caatinga. As diferencas entre esses grupos de solos séo nitidas e
refletem a importancia da agua (item 5.1) na ocorréncia de espécies sensiveis a escassez
hidrica oriundas de biomas mais umidos.

O capitulo aqui apresetado foi submetido ao periddico Pedosphere e se encontra
em processo de revisdo desde 14 de novembro de 2024. Esse periédico fundado em
1991, tem um escopo, em geral, voltado para os estudos da ciéncia do solo. Além de ser
amplamente reconhecido internacionalmente, possui CiteScore de 11.7 e fator de

impacto de 5.2.

5.1 SOILS FORMED IN INSELBERGS HOST DROUGHT-SENSITIVE SPECIES IN THE
BRAZILIAN SEMIARID

5.1.1. Abstract

Inselbergs are important for maintaining biodiversity in drylands. This biodiversity is
connected to fragile pocket soils in gnammas and faults. The present study aims to
analyze the soil genesis in granite inselbergs in the Brazilian semiarid region. We
described and characterized 21 soil profiles in granitic environments and 10 in other
lithologies, emphasizing chemical and physical properties, soil C, N, and P stocks, and
isotopic signatures. The results showed that the soils of the granitic inselbergs field (GIF)
are acidic, dystrophic, and more developed, while the typical soils of the Caatinga range
from moderately acidic to moderately alkaline, eutrophic, and incipient. The organic
carbon contents of GIF soils are up to 5 times higher than those observed in Caatinga
soils. The isotopic signature of organic compounds indicates humid conditions throughout

the soil pedogenetic process in the GIF. It is considered that granite inselbergs produce
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greater soil diversity, according to the geomorphological arrangement, and contribute to
the formation of soils with characteristics different from those expected for the current

semiarid climate.

Keywords: Caatinga; Bornhardt; dry forests; isotopic signature; granitic bodies.

5.1.2 Introduction

Granitic bodies are one of the most common lithological constituents on the planet,
and the breadth of their distribution in different climates and biomes (Migon, 2006;
Twidale; Vidal Romani, 2005). Granitic inselberg fields (GIFs) are more common in
tropical and subtropical regions, especially in arid and semiarid climate environments
(Burke, 2002; Matmon et al., 2013; Migon, 2006; Twidale, 2002), presenting high
biological importance (Burke, 2001; Keppel et al., 2012; Porembski; Barthlott, 2000).

The higher elevation in relation to its surroundings and low porosity, govern the
flow of water, sediments, nutrients, and organic residues to gnammas, cracks/fissures,
and mainly to the surroundings of the outcrops, constituting depositional and recharge
zones water (Burke, 2002; Lunguinho, 2018; Meyer et al., 2021; Ottaviani et al., 2016;
Pérez, 2023). These areas provide favorable conditions for the growth of drought-
sensitive plant species (Burke, 2002, 2001; Clark-loannou et al., 2021; Porembski;
Barthlott, 2000) and the development of soil with high carbon stock (Lunguinho, 2018;
Meyer et al., 2021; Pérez, 2023). According to the literature, this pattern is repeated for
areas with climatic predominance ranging from arid to semi-arid around the globe, such
as in Australia (Clark-loannou et al., 2021; Ottaviani et al., 2016; Schut et al., 2014; Yates
et al., 2019), in Brazil (Souza et al., 2022; Lunguinho, 2018), in the United States (Meyer
et al., 2021; Pérez, 2023), in Namibia (Burke, 2002, 2001), and in Niger (Anthelme et al.,
2008).

Although GIFs are widely covered in scientific literature, few are willing to study the
genesis of soils in these areas (Souza et al., 2022; Meyer et al., 2021). In general,
research has focused on: a) understanding the genetic-evolutionary aspects of the forms

that characterize the different granitic morphologies (Maia; Nascimento, 2018; Matmon et
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al., 2013; Souza et al., 2023); b) its appreciation of its heritage (Migon; Maia, 2020; Souza
et al., 2024); and c) analyze the importance exerted by the different microhabitats inserted
in the inselbergs in the constitution of highly specialized or rare microenvironments
(Porembski; Barthlott, 2000) that can function as biodiversity refuges, by protecting
environmental conditions that diverge from the predominant landscape matrix (Souza et
al., 2022; Keppel et al., 2012).

Erosion rates on granitic inselbergs are up to four times greater than in the
surrounding landscape (Matmon et al., 2013). The frequent and intense erosion of the
surface horizon creates soils with low soil organic carbon content, high bulk density, and
low permeability (Burke, 2002). Besides erosion, pedogenesis in the GIF is influenced by
their morphology and differential weathering (Burke, 2002; Meyer et al., 2021; Ottaviani
et al., 2016). Since the parent material is associated with the same lithology, nutrient
availability should not be a variable factor. However, the distribution of water and
sediments across the topography and biological interactions dictate the production and
cycling of organic compounds. This combination interferes with the physical and chemical
properties of the soil and governs carbon storage, water availability, and vegetation
distribution (Clark-loannou et al., 2021; Ottaviani et al., 2016; Pérez, 2023; Schut et al.,
2014).

The soil pockets in inselbergs are refuges for species migration and in the
preservation/maintenance of functional ecosystems (Burke, 2002, 2001; Keppel et al.,
2012). Floristic composition in Australian and African inselbergs is mainly controlled by
geographic position, topography, and elevation, while plant community composition is
strongly controlled by the depth and size of soil patches, regardless of the location or size
of inselbergs (Burke, 2001; Clark-loannou et al., 2021). Granite inselbergs with greater
patches and soil depths are normally associated with the surrounding rocky slopes and
host the greatest plant diversity and larger individuals (Ottaviani et al., 2016).

The Brazilian semiarid region presents an expressive spatial distribution of granite
morphologies (Lages et al., 2018, 2013; Maia; Nascimento, 2018; Migon; Maia, 2020;
Souza et al.,, 2023; Souza et al., 2024). The exposure of lithologies of different

mineralogical compositions and crystal sizes influences the occurrence of different types
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of granite morphologies in this (Bastos et al., 2021; Corréa et al., 2010; Maia; Nascimento,
2018).

Felsic dikes in granitic inselbergs in the Brazilian semiarid region play an essential
role in the evolution of granitic terrains. Differences in mineralogical composition,
structure, and mechanical strength control the fracturing of the rock mass along the dike
walls (Souza et al., 2023). The fractures favor weathering, accumulation of water, organic
and mineral particles, and host pocket soils in a neighborhood dominated by rock
outcrops. These GIFs have been listed as areas with potential for tourism and biodiversity
conservation (Costa et al., 2023; Migon; Maia, 2020; Souza et al., 2024).

The Caatinga is the predominant phytogeographic domain in the semiarid region
and consists of the largest block of Tropical Dry Forest in South America, occupying
around 862.818 km? (Beuchle et al., 2015; IBGE, 2019). The Caatinga covers 10.1% of
the Brazilian territory. It is predominantly composed of xerophytic, woody, thorny, and
deciduous phytophysiognomies that dominate flat surfaces in a hot and dry climate for at
least 14.000 years before the present (Queiroz et al., 2017). It is home to 27 million people
(IBGE, 2019) and over 2.000 vascular plants, fish, reptiles, amphibians, birds, and
mammals (Queiroz et al., 2017). Caatinga soils are generally more incipient, shallow,
moderately acidic to moderately alkaline, eutrophic, and dry in most parts of the year, with
low levels of organic carbon and less developed than soils in humid tropical regions of
Brazil (Araujo Filho et al., 2023).

Scarce studies aim to understand the genesis and evolution of soils in GIFs (Meyer
et al., 2021). Understanding soil formation in these severe conditions is essential to
conserving the genetic reserve for the reforestation of degraded areas around the world
(Burke, 2002, 2001) and may be especially important for the Caatinga (Queiroz et al.,
2021; Lunguinho, 2018). In this study, we will analyze the genesis of soils associated with
GIF in the driest portion of the Caatinga and their influence on the surrounding vegetation.
The results of this research advance knowledge of soil distribution patterns, vegetation,
water availability, and management of drylands. Such results highlight the importance of
GIF in mitigating the advance of desertification and climate change in the semiarid

Caatinga domains.
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5.1.3 Materials and Methods

5.1.3.1 Study area

The study area is a granite inselberg field located in the Northeast region of Brazil,
in the Caatinga biome (Figure 16). The predominant climate is semiarid (Bsh), with a short
rainy season in summer, according to the Koppen classification (Ballén et al., 2016). The
mean annual precipitation is 418 mm (DCA-UFCG, 2020), and the mean air temperature
is 27°C, with 2.800 hours of sunlight and 50% relative humidity (Nascimento et al., 2014).
Such conditions induce potential evapotranspiration four times greater than precipitation,
resulting in severe semiaridity with up to eight months of dry season (Kayano; Andreoli,
2009). This region is the driest in the Caatinga and Brazil (Prado, 2003).

The vegetation cover comprises shrub species, particularly pioneers,
characterizing a largely anthropized landscape (Silva et al., 2017). In general, it is
dominated by species such as Aspidosperma pyrifolium (Pereiro), Jatropha molissima
(Pinhdao Bravo), Xiquexique gounellei (Xique-Xique), and Prosopis juliflora (Algaroba)
(Souza et al., 2015).

Gentle hills separated by extensive flat valleys (Souza et al., 2024; Xavier, 2021)
dominate the landscape. The flat relief is cut by monzo biotite/syenogranites of gray color,
coarse phaneritic to porphyritic texture with K-feldspar megacrystals of up to 2 cm,
allocated between two conjugate shear zones NE-SW and E-W (Lages et al., 2016, 2013).
This intrusive magmatic body crystallized around 580 M.a., undergoing successive
phases of uplift and metamorphism between the Jurassic and Cretaceous, favored by
extensive regional uplift, related to the event, which fragmented the supercontinent
Pangea (Lages et al., 2016, 2013).



77

FIGURE 16 — STUDY AREA LOCATION AND DISTRIBUTION OF SOIL PROFILES ACCORDING TO
RELIEF AND LITHOLOGY. TYPICAL CAATINGA SOILS ARE IN BLACK DOTS AND GIF SOILS ARE IN
RED TRIANGLES.
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The higher resistance of these rocks favors differential weathering and erosion,
highlighting the intrusive rocks (Lages et al., 2018; Souza et al., 2024). Among the granite

inselbergs, the asymmetrical domic forms of the whaleback type stand out (Souza; Xavier,
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2017). These forms, referred to in Brazil as ‘lajedos’, are bornhardt-type inselbergs, with
a greater area of exposed rock surfaces than the altimetric range (Lages et al., 2013).
Gnammas are formed on the rock surface by weathering and relaxation/flaking processes
(Souza et al., 2024; Twidale; Bourne, 2018; Twidale; Vidal Romani, 2005). In general,
gnammas are the dominant features in the upper part of the inselbergs, occurring both as
closed and open forms or in coalescence (Souza et al., 2024; Souza; Xavier, 2017).
Gnammas have various sizes, ranging from a few centimeters to tens of meters in
diameter. The studied pluton occupies an area of approximately 40 km? in an ellipsoidal
shape, 12 km long and 5 km wide (Figure 17).

In environments with a predominance of Neoproterozoic granites and feldspar-rich
granitoids, Leptosols (Neossolos Litolicos, 34% of the total area), Regosols (Neossolos
Regoliticos, 9%) and Cambisols (Cambissolos, 1%) dominate. Areas with gneisses and
schists associated with broad and smooth hills dominate the Luvisols (Luvissolos, 22%)
and Acrisols (Argissolos, 19%). In periodically flooded river valleys, Planosols
(Planossolos, 13%) and Vertisols (Vertissolos, 1%) are mainly found, according to (Santos
etal., 2011).

This region has a history of ancient occupation dating back to the last 2 kyr, which
has intensified since European colonization in the 17" century (Souza; Souza, 2016).
Anthropogenic activities such as extensive deforestation, livestock farming, and
agriculture are mainly responsible for this region being one of the most critical centers of

desertification in Brazil (Souza et al., 2015; Tomasella et al., 2018).
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FIGURE 17 - DISTRIBUTION OF GIF SOIL PROFILES ON SATELLITE IMAGE (A), SLOPE (B) AND
ELEVATION (C).

3200w 113w w1avw 81w 3880w W 1r20w ;errow B 8187w e maew 180w W rasew 1 1aTW



80

5.1.3.2 Soil sampling and analysis

Twenty-one soil profiles were opened, described, and sampled to represent
different geomorphic positions of the granitic inselbergs. Another 10 soil profiles were
surveyed to represent typical Caatinga soils. Diagnostic horizons, attributes, and
properties were identified according to the morphological description (color, texture,
structure, consistency, thickness, pores, and roots). Sample collections were carried out
to represent each horizon from the surface to the lithic contact in each profile (IBGE,
2015). The profiles were classified according to the World Reference Base Soill
Classification System (IUSS Working Group WRB, 2022) and the Brazilian Soll
Classification System (Santos et al., 2018). It's important to emphasize that the
interpretations made in this manuscript are based on the WRB premises.

The collected samples were air-dried and sieved through a 2 mm sieve before
chemical and texture analyses according to methods established for tropical soils
(Teixeira et al., 2017). The contents of coarse sand, fine sand, silt, and clay were
determined by the pipette method after shaking for 16 h with 0.1 M NaOH (Teixeira et al.,
2017).

Soil pH was measured with a glass electrode in a 1:2.5 v/v suspension of soil and
deionized water (H20 pH) and 1 M KCI solution (KCI pH). Delta pH was calculated as:
ApH = KCI pH — H20 pH. Potential acidity (H + Al) was extracted by 1 M ammonium
acetate solution at pH 7. The exchangeable Ca?*, Mg?*, and AI** content were determined
in a 1 M KClI extract. Exchangeable K* and Na* contents were determined after extraction
with Melhich-1. From these results, the sum of bases (SB), base saturation (V), aluminum
saturation (m), effective cation exchange capacity (t), cation exchange capacity at pH 7
(T), and Na saturation (NaS) were calculated.

The available phosphorus (P) content was determined by a Mehlich-1 extraction
solution. Total organic carbon (C) was determined by wet combustion (Yeomans and
Bremner, 1988). The total Nitrogen (N) content was determined using the Kjeldahl method
(Teixeira et al., 2017). The carbon/nitrogen ratio (C/N) was calculated by mass. The P
(phosphorus) adsorption capacity of the soil was determined after stirring for 1 hour with

2.5 g of soil in 0.01 M CaCl2 containing 60 mg of P L-'. The suspension was filtered, and
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the P remaining in the solution (Prem) was determined by photocolorimetry (Alvarez et al.,
2000).

Soil density was determined in undisturbed samples collected by 100 cm?®
volumetric rings (Teixeira et al., 2017). Particle density was calculated after drying a
quantity of soil at 105°C and then dividing the mass by the volume of the particles,
excluding the spaces between them. Total porosity is inferred using the formula: Total
porosity (dm3 dm=) = 1 - (soil density/particle density).

Soil organic C, total N, and bioavailable P stocks were calculated using the total
content of each element, sampling depth, and soil density: Stock (Mg ha-') = total organic
carbon content (total N or bioavailable P) (g kg™') x soil density (kg dm-3) x thickness of
the layer considered (cm) / 10 (Fernandes; Fernandes, 2008). The isotopic composition
of C and N in soil and litter was measured from soil samples collected at 10 cm intervals,
and composite litter samples. All preparation and dosing procedures were carried out at
the Stable Isotope Center of the Universidade Estadual Paulista (CIE/UNESP).

The composition of the plant community was identified at each site. The vegetation
survey followed the Free Walking method (Filgueiras et al., 1994). We also consulted
Flora and Fungi of Brazil (2024) to review the species and the relationship with their

original biomes of occurrence.

5.1.3.3 Statistical analysis

We used Principal Component Analysis (PCA) to identify the correlation between
the variables. PCA is a variable reduction method that produces fewer artificial,
uncorrelated variables called Principal Components (PCs). PCs are listed in descending
order of variance explained in the data. Prior to PCA, analytical data were log-transformed
and standardized (Hinton, 2014). All procedures were performed using STATISTICA 8.0®

software.
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5.1.4 Results

All profiles are positioned at altitudes ranging from 433 to 525 m, and predominantly
in flat or gentle slopes (Table 2). The Regosols were described between the summit and
toeslope of inselbergs, as well as in gnammas. The Leptosols were identified a few tens
of meters (< 4) further from the rocky slopes than Regosols. The Cambisols were
predominantly observed at the toeslope of inselbergs. A Umbrisol was described in the
portion where fractures in the pluton are concentrated. The N-S fractures allowed the
formation of clouds filled with sediments interspersed by rock noses, parallel to each other.
A Vertisol profile was found in a periodically flooded lagoon. The Vertisol and Umbrisol
profiles are positioned in locally concave areas at the toeslope of inselbergs that
accumulate sediments, biogenic materials, and water more frequently than other soils.

The vegetation cover in GIFs sites is dense and diverse, generally including
specimens of subevergreen tree species, except in the Leptosol (APENDICES B, C and
D). On the other hand, in the context of the typical Caatinga, the vegetation cover is rare,

consisting of annual herbaceous species, with some shrubs and deciduous trees.
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5.1.4.1 Soils in GIF

Among the 21 soil profiles formed in the GIF, seven were classified as Regosols,
six as Umbrisol, four as Phaeozem, two as Cambisols, and one as Letpsol and Vertisol
(Table 2). The depths of the profiles varied between less than 20 and 310 cm, with an
average of 94 cm (Table 3). Transitions between horizons are predominantly smooth and
clear. The most recurrent horizon sequence is A over C. The colors of the horizons varied
from black to olive. Gleyic properties were observed in the deepest horizons in one
Cambisol and Vertisol developed in concave-shaped locations at the toeslope of
inselbergs. Oximorphic features were recorded from 94 cm deep in one Cambisol,
suggesting oscillation of the water table. Mollic and umbric horizons were identified on the
surface of the soil profiles. The cambic horizon was registered in two soil profiles in
toeslopes (P6 and P12). The vertic horizon was exclusively associated with a valley

formed by dissolution of mafic xenoliths.
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Very fine and fine roots range from common to abundant at all depths. Thicker roots
occur between 5 and 90 cm deep. Abundant pores ranging from small to large are
preferentially in the superficial horizons, while few pores are observed in the deeper
horizons. The dominance of tubular pores and, to a lesser extent, dendritic pores suggest
widespread bioturbation.

The predominant structure is weak to moderate, small to medium in size, of the
subangular blocky type. Dry consistency varies from loose to slightly hard. The
consistency is predominantly friable, non-sticky, and non-plastic. Exceptions are observed
in soils with clay contents higher than 25% in profiles developed in the lower portions of
the slopes (Table 4). The soils are gravelly and have a sandy clay loam to sandy loam
texture. Coarse sand content predominates, accounting for 51% of the soil composition.
Variations in grain size ratios suggest lithic discontinuity between horizons, indicating that
the materials that form these soils are autochthonous and allochthonous (Table 4). The
lithic discontinuities were registered between 5 cm and 310 cm depth, indicating frequent
contributions. Buried horizons were identified in soils on toeslope (P1, P6, P17, and P18),
gnammas (P4 and P8), and shoulder (P5).

TABLE 4 - PHYSICAL PROPERTIES. CS: COARSE SAND E FS: FINE SAND.

CS FS Silt Clay
Horizon Depth (cm) Texture CSI/FS FS/Silt Silt/Clay
%

GIF soil

P1 - Someric Umbrisol (Pantoloamic, Humic, Raptic)/NEOSSOLO REGOLITICO Distréfico tipico

Ah1 0-10 37.0 104 183 34.3 Sandy clay loam 3.56 2.59 0.53
2Ah2 10-32 493 16.0 124 223 Sandy clay loam 3.08 5.27 0.56
2AC 32-50 541 121 124 213 Sandy clay loam 4.47 5.34 0.58
3Ahb 50-65 564 117 143 175 Sandyloam 4.82 4.76 0.82
3Cef 65-90 498 87 20.1 214  Sandy clay loam 5.72 2.91 0.94
3Ce2 90-115+ 504 104 18.7 20.5 Sandy clay loam 4.85 3.25 0.91

P2 - Haplic Umbrisol (Pantoloamic, Hyperdystric, Humic, Raptic)/NEOSSOLO REGOLITICO Humico tipico

Ah1 0-5 450 94 16.9 28.8 Sandy clay loam 4.79 3.22 0.59
2Ah2 5-25 52.3 106 13.0 24.1 Sandy clay loam 4.93 4.84 0.54
2Ah3 25-55 50.3 129 13.1 23.7 Sandy clay loam 3.90 4.82 0.55
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Continuation

CS FS Silt Clay

Horizon Depth (cm) Texture CS/FS  FSISilt Silt/Clay
%

2AC 55-75 511 146 11.8 224  Sandy clay loam 3.50 5.57 0.53

2C 75-95+ 496 143 13,5 226 Sandyclayloam 3.47 4.73 0.60

P3 - Dystric Regosol (Pantoloamic, Humic)/NEOSSOLO REGOLITICO Distréfico Iéptico

A1 0-2 66.2 129 7.7 13.2  Sandy loam 5.13 10.27 0.58
A2 2-10 644 139 9.0 12.7  Sandy loam 4.63 8.70 0.71
CA 10-25 56.3 150 8.2 20.5 Sandy clay loam 3.75 8.70 0.40
CR 25-55+ 486 146 114 254  Sandyclayloam 3.33 5.54 0.45

P4 - Haplic Umbrisol (Pantoloamic, Hyperdystric, Humic, Raptic)/NEOSSOLO REGOLITICO Humico tipico

Ah1 0-8 64.8 7.1 71 21.0  Sandy clay loam 9.13 10.13 0.34
2Ah2 8-22 591 7.9 11.8 21.2  Sandy clay loam 7.48 5.68 0.56
2Ah3 22-70 60.6 9.2 11.0 19.2 Sandyloam 6.59 6.35 0.57
2AC 70-104 61.1 6.2 124 204  Sandy clay loam 9.85 5.43 0.61
3Ahb 104-125 579 8.2 14.0 19.9 Sandyloam 7.06 4.72 0.70
R

P5 - Dystric Regosol (Pantoloamic, Humic, Raptic))NEOSSOLO REGOLITICO Distréfico Iéptico

A 0-4 59.3 108 9.6 20.2  Sandy clay loam 5.49 7.30 0.48
2Ab 4-18 52.7 134 142 19.7 Sandyloam 3.93 4.65 0.72
Ce 18-55+ 649 9.8 16.2 91 Sandy loam 6.62 4.61 1.78

P6 - Cambic Someric Umbrisol (Pantoloamic. Humic. Panpaic)/CAMBISSOLO HUMICO Distréfico tipico

Ah 0-8 68.0 9.0 9.2 13.8  Sandy loam 7.56 8.37 0.67
2Ahb1 8-20 69.1 9.0 8.9 131 Sandy loam 7.68 8.78 0.68
3Ahb2 20-45 549 123 119 209 Sandy clay loam 4.46 5.65 0.57
4Ahb3 45-90 511 155 8.9 245  Sandy clay loam 3.30 7.48 0.36
5Bw 90-125 350 171 19.3 28.6 Sandy clay loam 2.05 2.70 0.67
Ce 125-145+ 415 126 224 235 Sandy clay loam 3.29 242 0.95

P7 - Haplic Phaeozem (Pantoloamic. Raptic)/NEOSSOLO REGOLITICO Eutréfico tipico

Ah1 0-10 347 316 141 195 Sandyloam 1.10 4.70 0.72
2Ah2 10-25 382 272 14,6 20.0 Sandyclayloam 1.40 4.48 0.73
2CA 25-95 437 26.8 125 17.0 Sandyloam 1.63 5.64 0.74
2C 95-105+ 380 277 16.3 18.0 Sandyloam 1.37 4.03 0.91

P8 - Eutric Regosol (Epiarenic, Katoloamic, Humic, Panpaic)/NEOSSOLO REGOLITICO Humico Iéptico éutrico
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CS FS Silt  Clay
Horizon Depth (cm) Texture CS/FS  FSISilt Silt/Clay
Ah 0-5 829 73 1.1 8.7 Sand 11.36 82.00 0.13
2Ahb1 5-25 595 199 73 13.2  Sandy loam 2.99 10.88 0.55
3Ahb2 25-50 436 271 115 17.9 Sandyloam 1.61 6.15 0.64
CR 50-90 557 155 13.0 159 Sandyloam 3.59 5.48 0.82
R
P9 - Someric Umbrisol (Epiloamic, Katoareni, Eutric, Humic, Raptic)/NEOSSOLO REGOLITICO Distréfico
fragmentario
Ah1 0-5 53.8 171 121 17.0 Sandyloam 3.15 5.86 0.71
2Ah2 05-35 71.0 131 7.3 8.6 Loamy sand 5.42 11.52 0.85
2C 35-60 724 102 9.2 8.2 Loamy sand 7.10 8.98 1.12
R
P10 - Dystric Regosol (Pantoloamic, Ochric)/NEOSSOLO REGOLITICO Distréfico saprolitico
Ah 0-8 553 212 106 129 Sandyloam 2.61 7.22 0.82
AC 8-30 525 210 105 16.0 Sandyloam 2.50 7.00 0.66
C 30-50 446 201 10.7 245 Sandy clay loam 2.22 6.05 0.44
Ce 50-100 469 133 148 25.0 Sandyclayloam 3.53 4.07 0.59
R
P11 - Eutric Regosol (Pantoloamic, Ochric)/NEOSSOLO REGOLITICO Eutréfico leptofragmentario
Ah 0-8 442 264 149 146 Sandyloam 1.67 4.74 1.02
AC 8-35 424 235 16.3 17.8 Sandyloam 1.80 4.04 0.92
CR 35-60 50.8 158 13,5 19.9 Sandyloam 3.22 4.93 0.68
R
P12 - Dystric Cambisol (Pantoloamic, Raptic)/CAMBISSOLO HUMICO Distréfico tipico
Ah1 0-5 416 214 157 21.2 Sandy clay loam 1.94 4.01 0.74
Ah2 5-40 38.8 224 153 234  Sandy clay loam 1.73 4.00 0.65
Bw1 40-65 37.7 18.7 139 29.7 Sandy clay loam 2.02 4.06 0.47
2Bw2 65-82 39.3 148 191 26.8 Sandy clay loam 2.66 2.83 0.71
2BC 82-92 440 157 146 258 Sandyclayloam 2.80 4.09 0.57
2C 92-105 488 16.6 13.2 215 Sandyclayloam 2.94 4.95 0.61
2CR 105-150+ 55,5 13.7 132 17.6 Sandyloam 4.05 5.24 0.75

P13 - Eutric Regosol (Loamic, Amphiarenic, Humic)/NEOSSOLO REGOLITICO Humico tipico

Continue



101

Continuation

CS FS Silt  Clay
Horizon Depth (cm) o Texture CS/FS  FSISilt Silt/Clay
Ah 0-15 547 206 94 15.3  Sandy loam 2.66 8.01 0.61
AC 15-40 549 279 6.0 11.3  Loamy sand 1.97 13.80 0.53
CR 40-90+ 51.0 218 145 127 Sandyloam 2.34 5.02 1.14
P14 - Haplic Phaeozem (Pantoloamic, Humic, Raptic)/NEOSSOLO LITOLICO Eutréfico fragmentario
Ah1 0-8 416 246 128 21.0 Sandy clay loam 1.69 517 0.61
2Ah2 8-20 349 298 147 20.6 Sandy clay loam 1.17 4.40 0.71
2C 20-30 358 295 108 23.9 Sandy clayloam 1.21 6.05 0.45
2CR 30-40 38.8 282 16.8 16.3 Sandyloam 1.38 3.99 1.03
R
P15 - Eutric Regosol (Epiarenic, Amphiloamic)/NEOSSOLO REGOLITICO Eutrdfico tipico
A 0-5 595 196 14.0 6.9 Loamy sand 3.04 5.65 2.03
AC1 5-15 639 191 126 44 Loamy sand 3.35 6.59 2.86
AC2 15-30 653 153 1561 43 Loamy sand 4.27 5.34 3.51
Cc 30-60 595 155 151 99 Sandy loam 3.84 4.97 1.53
R

P16 - Haplic Umbrisol (Pantoloamic, Raptic, Endogleyic)/GLEISSOLO MELANICO Tb Distréfico plintossélico

Ah1 0-5 244 183 18.0 39.3 Clayloam 1.33 2.37 0.46
2Ah2 5-25 479 150 9.9 27.2  Sandy clay loam 3.19 6.35 0.36
2A3 25-60 47.7 134 10.1 28.8 Sandy clay loam 3.56 6.05 0.35
2AC 60-94 46.5 8.2 11.0 34.3 Sandy clay loam 5.67 4.97 0.32
2Cg1 94-130 49.2 121 10.3 283 Sandy clay loam 4.07 5.95 0.36
2Cg2 130-310+ 354 128 17.2 34.6 Sandy clay loam 2.77 2.80 0.50
P17 - Haplic Phaeozem (Epiloamic,Panpaic)/NEOSSOLO REGOLITICO Eutréfico saprolitico

Ah 0-3 558 150 164 127 Sandyloam 3.72 4.32 1.29
2Ahb 3-20 543 179 121 157 Sandyloam 3.03 5.97 0.77
C1 20-30 553 109 16.0 17.8 Sandyloam 5.07 4.14 0.90
Cc2 30-40 474 131 16.6 229 Sandy clay loam 3.62 3.64 0.72
Ce 40-45+ 374 95 12.8  40.3  Sandy clay 3.94 3.66 0.32
P18 - Haplic Phaeozem (Pantoloamic, Panpaic)/NEOSSOLO REGOLITICO Eutréfico tipico

Ah1 0-10 478 17.9 14.0 20.3 Sandy clay loam 2.67 4.69 0.69
Ah2 10-20 514 202 141 142 Sandyloam 2.54 5.08 0.99
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CS FS Silt Clay

Horizon Depth (cm) o Texture CS/FS  FSISilt Silt/Clay
o

2Ahb 20-35 56.0 17.7 11.0 153 Sandyloam 3.16 6.70 0.72

2AC 35-65 55.0 186 141 124  Sandyloam 2.96 5.22 1.14

2Ce 65-80+ 619 156 146 79 Sandy loam 3.97 5.31 1.85

P19 - Haplic Umbrisol (Pantoloami, Eutric)/NEOSSOLO REGOLITICO Distréfico léptico

Ah 0-3 56.2 122 11.0 20.6 Sandy clay loam 4.61 6.22 0.53
3-25 62.7 157 93 12.4  Sandy loam 3.99 8.43 0.75
25-45 628 156 9.0 12.6  Sandy loam 4.03 8.71 0.71

Ce 45-70+ 62.8 156 9.0 12.6  Sandy loam 4.03 8.71 0.71

P20 - Salic Vertisol (Hypereutric, Epic, Gleyic)/VERTISSOLO HIDROMORFICO Ortico tipico

A 0-45 389 148 17.3 29.0 Sandy clay loam 2.63 3.10 0.60

2Bvn 45-110+ 13.8 8.0 18.7 59.5 Clay 1.73 1.17 0.31

P21 - Eutric Leptosol (Loamic)/NEOSSOLO LITOLICO Eutréfico tipico

Ap 0-20 53.1 203 16.8 9.8 Sandy loam 2.62 4.37 1.71

R

Typical Caatinga soils

P22 - Eutric Yermic Regosol (Pantoloamic, Saprolithic) NEOSSOLO LITOLICO Eutréfico tipico

Ap 0-15 403 174 3.8 38.5  Sandy clay loam 2.32 15.18 0.10

Cc 15-35 347 266 28 36.1  Sandy clay loam 1.30 21.89 0.08

R

P23 - Yermic Vertic Luvisol (Epiloamic, Clayic, Hypereutric, Epic)/LUVISSOLO CROMICO Ortico vertissélico

A 0-10 264 276 215 246 Sandyclay loam 0.96 2.51 0.87
B 10-40 333 197 19.6 274 Sandy clay loam 1.69 2.70 0.72
Bt 40-45 238 129 200 433 Clay 1.84 1.84 0.46
R

P24 - Yermic Fluvic Cambisol (Polyarenic, Polyloamic)/CAMBISSOLO FLUVICO Ta eutréfico tipico

A 0-18 31.8 498 46 13.9  Sandy loam 0.64 17.74 0.33
2Bw1 18-32 46.1 309 56 17.4  Sandy loam 1.49 13.75 0.32
3Bw2 32-75 52.0 309 1.5 15.6  Sandy loam 1.68 55.27 0.10
4C 75-104 720 158 1.8 104  Loamy sand 4.56 48.78 0.17
5Bw3 104-115 49.8 328 26 14.8  Sandy loam 1.52 31.77 0.18
6C 115-140 58.7 265 2.1 12.7  Loamy sand 2.22 40.57 0.17
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CS FS Silt  Clay
Horizon Depth (cm) o Texture CS/FS  FSISilt Silt/Clay
7Bw4 140-180 412 37.0 47 17.0  Sandy loam 1.1 16.64 0.28
7Bw5S 180-190 431 36.6 5.1 151 Sandy loam 1.18 15.63 0.34
7Bw6 190-230+ 391 386 538 16.5  Sandy loam 1.01 13.40 0.35
P25 - Yermic Leptic Luvisol (Epiclayic, Epiloamic, Epic/ LUVISSOLO HAPLICO Ortico tipico
BA 0-10 27.0 19.0 13.0 41.0 Sandyclay 1.44 3.57 0.31
Bt 10-30 27.0 230 19.0 320 Sandy clayloam 1.19 2.67 0.58
BC 30-50 23.0 240 310 220 Loam 0.96 1.50 1.45
R
P26 - Yermic Vertic Luvisol (Pantoloamic, Epic)/LUVISSOLO CROMICO Ortico vertissélico
A 0-5 320 39.0 150 14.0 Sandyloam 0.83 4.72 1.10
AB 5-20 320 36.0 16.0 16.0 Sandyloam 0.87 4.22 1.01
Bt 20-40 31.0 240 11.0 34.0 Sandyclayloam 1.31 4.84 0.33
R
P27 - Yermic Luvisol (Pantoloamic, Epic)/LUVISSOLO CROMICO Ortico tipico
A 0-10 30.0 350 19.0 16.0 Sandyloam 0.85 3.43 1.20
Bt 10-30 350 290 17.0 20.0 Sandyloam 1.23 3.83 0.83
Cc 30-50 31.0 280 23.0 18.0 Sandyloam 1.11 2.63 1.28
R
P28 - Eutric Regosol (Epiloamic, Amphiarenic)/NEOSSOLO REGOLITICO Eutréfico Iéptico
Ap 0-16 431 36.8 938 10.3  Sandy loam 1.17 8.15 0.95
A 16-54 447 364 118 71 Loamy sand 1.23 6.87 1.66
CA 54-70 450 36.8 97 8.5 Loamy sand 1.22 8.43 1.14
] 70-80 46.2 354 102 8.2 Loamy sand 1.31 8.00 1.24
R
P29 - Yermic Luvisol (Pantoloamic, Epic) /LUVISSOLO CROMICO Ortico tipico
Ap 0-13 26.0 339 15.0 251 Sandyclayloam 0.77 3.99 0.60
AB 13-32 26.5 430 99 20.6  Sandy clay loam 0.62 7.02 0.48
Bt1 32-45 272 324 180 224 Sandy clay loam 0.84 3.31 0.80
Bt2 45-75 331 265 113 291 Sandy clay loam 1.25 5.27 0.39
R

P30 - Yermic Luvisol (Pantoclayic, Epic)/LUVISSOLO CROMICO Ortico tipico
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Conclusion
CS FS Silt  Clay

Horizon Depth (cm) o Texture CS/FS  FSISilt Silt/Clay

A 0-15 13.2 278 29 56.1  Clay 0.47 14.14 0.05

Bt 15-35 113 216 4.8 62.2 Clay 0.52 6.85 0.08

Cc 35-52+ 10.7 228 45 62.0 Clay 0.47 7.44 0.07

P31 - Yermic Luvisol (Pantoclayic, Epic)/LUVISSOLO CROMICO Ortico tipico

A 0-15 324 276 0.3 39.7 Sandy clay 1.17 200.00 0.01

Bt 15-45 292 169 64 47.5  Sandy clay 1.73 7.20 0.13

SOURCE: Elaboration by author (2024).

The soils vary between strongly acidic and very strongly alkaline. The acidic soils
have an average potential acidity up to two times higher than the alkaline soils (Table 5).
The ApH is negative at all horizons. In general, the sum of bases (SB), the effective cation
exchange capacity (ECEC) and cation exchange capacity (CEC), soil organic carbon (C),
and total nitrogen (N) reduce with increasing depth, indicating that the chemical properties
of the soil are directly associated with the input of organic residues. The average ECEC
is 44% lower than the CEC. Remaining phosphorus (Prem) values below 20 mg L,
suggest high P adsorption capacity in subsurface horizons associated with an advanced

stage of weathering and pedogenesis.



anupuo)

0zl LEZL LELO L9L 00l §'68 €Z vZoL 6CC 20 00l §0Z 200 SO0 O0LO 200 gz S50 L€ ey 0.-22 euve
L'/l €L'9 GG€0 8LC el 06 69 6L€L 95¢ 680 6L 19T SL0O W0 0T0 €10 oy 1.0~ Z¥eE 6Ly 228 2uve
Gy 00z 80€0 8L'9 ¥8Z 6¢€ €8¢ 8LLL G89 899 90l Z0 ¥l €€¥ 6¥0 620 6L 80'L-  68¢ 16y 8-0 LUy
001d} 02IWNH ODIL|1093H 0T0SSOAN/(ondey ‘oiwuny ‘ouisApsadAH ‘olweojojued) josuquin dlideH - vd
86¢ 6L%L 100 GOl GLL 78S 28l 099 18T 0T} ¥S 191 $€0 890 800 LLO zz LTl oLge 8Gv +GG-GZ Sfo)
0Zy 1ZGL ¥200 €L 80V L¥S  ¥ZL 999 95T 9Ll GG O¥'L L€0 650 200 €10 6€ LL'b-  opE 1SY Gz-0lL VO
86y 187l 9800 OLL 9L 00 ZT09 €5.L €Sv €SY 0€ 000 /SL /9 600 020 'Ll 860~ 62§ 129 oLz A
€9y 09ZL €LL'0 86°L LZL 00 08 &L 16S 16G ¥'L 000 1L0Z 8S€ 600 620 1’8 690- 209 129 z0 A
0o1dg| 0oossid ODILI109D3Y OTOSSOIN/(dIWNKH ‘Olweojojued) |0osobay oLSAQ - £d
Oy 088 vLL'O 00 GLL Z'G8 9z 909 80L 910 6G 60 €00 €00 00 €00 €L 90 vy 067 +G6-G/ o4
Ty VL LELO LGL /80 088 L'z 9L, ggL 910 9/ V'L 200 00 100 €00 L ¥L0- 90 08 G/-G§ ove
69 €/GL 16L'0 00€ 6.0 €68 ez L0Ck 28T lTo 8Ll GZZ S00 SO0 O0LO0 200 9L 190~ L€ vy 6G-6Z euve
¥'0Z ¥0'€L 80¥0 €S 090 1'89 €9 6.6L 0L'E 660 8L LL'Z 220 ¥S0 0L0 ¥L°0 Gy 960~ 0S¢ oty Gz 2uve
€8 ¥8'lZ 8980 968L 2.0 ¥0L Tv¥Z 80€ €29 89S G/L G90 ¥ 95€  LL'0 0 €9l 0gl-  19¢€ 16y G0 LUy
091d} 09IWNH ODIL)T0DIY OTOSSOIN/(ondey ‘owny ‘ousApiadAH ‘olweojojued) josuquin dlideH - zd
0Ll 1€6 €00 O0F0 €€ €98 8L GLS 18T GS¥O0 €6 Zrz €L’'0 S00 120 900 9L 8%l  L9€ gz's +G11-06 z90¢
¥'G  /6'G 0,00 <c¢r0 68C €£€8 6G 98. SLT 9¥0 ¥, 627 00 2100 €20 100 gz 09k Lt kAl 06-G9 180¢
8Ll 9eZL ¥LLO WL 12T T8 99 8¢0L 29t 890 16 ¥6'CZ €0 L0 €20 SLO 0z 8Lk-  6SE 1LY G9-05 quve
v0Zz 9¥'6 2Zl'0 SlL'L  v9Z 8LL L 8L0L 1§€ 8.0 00l €47 2L0 0Z0 820 L0 'L 280  GbeE kA 05-2¢ ove
0€Z 2/GL 08L'0 €8¢ <2€L L¥Z Glc 16TV ¥Lv LS€ ¥6 LL'L 890 8L L0 ¥60 €9 60k €L¢ z8v ze-0l 2uve
Gze 8L8L LyP0 208 /90 GO0 LTS OFTZ 98'LL 08'LL 90, 900 LL'E 969 GL'0 89l 98c €0'l- ¥ kAL 01-0 LUy
oo1d} 00joisIQ ODILJT0DTH OTOSSOIN/(ndey dlwnH ‘dlweojojued) [0SUquIn dLBWOS - Ld
SJIos 419
% SWPPIOWD cwp/Bw

-1 Bw 10X O°H (wo)

wRg  N/D N O SeN w A 230 0303 89S IV+H «Iv BN 2O N "d  Hdvy Hd Hd yde@  uozioH

G0l

'S31143d0dd TVOINIHO - G 3718Vl



anupuo)

06 668L L9L'0 90€ 190 8L  9LS 2€0L C¥S TS 0G 0,0 690 €% 900 920 99 160~ TV v2's 05-62 zauve
ey 668L 19L'0 90€ 850 00 L¥S 826 80G 80G gy 0L'0 ¥.0 LBE GO0 8€0 vz Lol LY A Gz-§ Layve
00§ 2L 2900 L0b 290 00 66, 28§ vy vy ¥L 000 ¥.0 €€ ¥00 €€0 b've 8.0 9L'G ¥6'S G0 uvy
09113n@ 0913d9| COIWNH ODILIT0DFY OTOSSOIN/(oledued ‘olwny ‘olweojoley ‘olusields) j0sobay oung - gd
€¥S 6568 LZ00 €20 G6S 00 €¢6 €8L €¢L €TL 90 000 86C 89€ L¥0 LLO g6l 2Ll- 00§ zL9 +G01-G6 14
8275 G889 €600 €20 €L'e 00 ¥28 O¥.Z 0L'9 0L9 €1 000 6LC 95€¢ €20 ¢L0 €6 G8l- 0gY GlL'9 G6-G2 vOC
68y €0Vl ¥.00 0L 061 00 €¥. V€6 69 ¥6'9 ¥Z 000 19C +8€ 8L0 LEO 6v Svil-  evY ¥6'G Gz-0l 2uve
L'LG 8/°€L G9E0 €0G GEO0 00 0€8 69LL 69FL 697l 0€ 000 66€ 0.6 900 ¥60 L'0E  €6'0-  S¥'S 8€'9 01-0 LUy
0o1d1} 0oijoiNg ODILI10DTY OTOSSOIN/(ondey Olweojojued) wezoseyd dlideH - /d
27l 880G ¥900 2€0 6L €¥. T¥L 8L9 e¥e 880 €6 65¢ 220 S¥0 2L'0 800 0L O¥i-  8g€ 86y  +S¥l-Gel a0
Lv 1zl 7800 690 89l L8 0L 8L L0E€ G50 €L 9%¢ 0L0 +20 €L'0 800 LT 0TV ¥8¢ ¥0'G GZ1-06 mgg
v'LL G20l 9600 €0'L V2L 96/ Z8 GL'6 L0€ GO ¥'8 2¢¢ L0 0€0 LLO 910 8L 9Lk~ oLe 98y 06-G¥ €auvy
L'gL 06CL 6800 GLL 2¢LL G§S9 G2l 698 9Lt 60} 9/, L0C €€0 L¥O O0LO0 020 zT LTl LSt 78'Y S-02 2auve
€ve 06LL 000 GZ'L 9LV L8  Llz S&L €5T SSL 8G 860 Zr0 TL0 600 €£0 8L 00b- 29¢ 29 0z-8 Lauve
06y 0T2L ¥9L'0 00C 8¥L 00 919 890, 859 899 L'y 000 29V 28T 910 861 'S 0€L- Sl S0'9 8-0 uvy
0o1d}} 00j041sId ODINNH OTOSSIFNYD/(oredued Olwny ‘dlweo|ojued) [0SUGWN dUBWOS dique) - 9d
9ey 09LL G200 620 00F% 208 ZLL €96 8L'E €90 0G G65¢ 600 <2L'0 €20 6L0 8CLL 88L- S8¢C €Ly +GG-8l 80
6vE 8L'6 1600 V80 Lb¥ 96GL /6 808 0T€ 8.0 €/, Iz 600 ¥L'0 9€0 610 €8c lZ'l- 00¢€ ¥ 8l-v ave
€y T6VL ¥9L'0 G¥Z 00F G6 9L 69LL S8F 6EV €L 9¥0 €80 0€C L¥0 6.0 895  L60- 0L¢€ 197 -0 v
oondg| 0o4oNsId ODILITODTY OTOSSOAN/(2ndey ‘olwny ‘ojweojojued) [0sobay oMsAQ - Gd
S|
2T 69CL €€L'0 691 V90 6'€8 9L 8L'LL 2L 8L0 0Ll ¥60 200 900 00 €00 gL 180 1TV 85 GZL-v0L quve
0% 669 9¥L'0 201 990 868 v'L ¥20L  LEL  ¥L0 L'0L €21 100 €00 00 €00 g 9v0-  80Y% vS'v ¥01-0L ove
% cwip/lowo cwp/Bw

16w 1oM O%H (wo)

W3Rg  N/O N O SeN w A 030 20303 49S IV+H IV BN .20 .eN M g Hdv Hd Hd yideg  uozioH

uoneNuRUOD

901



anupuo)

G/ 8L'0L 0600 ¢60 8.0 2T2L €€L LLS 1lT 1L0 06 002 00 290 GO0 ¥00 g0 ¥90- 00 o'V 78-59 maz
ZLL €€GL /800 €€L €0 208  L0L 8€9 ¥rE 890 'S 92 ¥00 950 €00 SO0 G0 ¥60-  68€ €8y G9-0% Img
60C €S€L L0 161 €50 S¥9  €0C €58 8% €L 89 ¥L'e 620 22l S00 8L0 9C 980  LL€ €9y ot-§ 2uv
Zle 1G6L G220 6E€vY  L9L vy 66 LGTL 959 /T9 €9 620 ¥SL T6E 020 090 L'LL 86'0- 6LV JANC G0 LUy
ooidy} 0o4ousId ODINNH OTOSSIFNYO/(ondey ‘dlweojojued) (osiquie) ousAQ - Zid
S|
96¢ +06 €00 €0 82¢ G6 8L.L 888 S0L 8€9 GC 190 ¥¥e 89C 020 900 9L  GSL-  eLe 82'S 09-6¢ Sfo)
L'0¥ 811 G900 L0 8L SLL  GT9 9z8 €8G 9L'G L'e 290 2LV SL'e G0 L0 vz €€l v8¢ JANC Ge-8 ov
2y 2CeelL ¢Ll0 62Z 0.0 00 928 vl I¥6 L¥6 0C 000 L.} 0L 800 SSO g6 €L0- TS G6'S 8-0 uvy
ougjuswbeljoids| 00N ODIL|T0DTH OTOSSOIN/(OUUYI0 ‘Oleo|ojued) [0sobey oung - | Ld
S|
6€Z 8¥. 1800 €20 L0C L'¥S G9¢ 886G GLY 8L¢T 8¢ LGC €20 08l 2L0 €00 90 0S'L-  99°¢ 90°'G 001-0G 10
60 +8'9 9500 8€0 90 L0L 98, 9.9 IZ¥ 9T} GG G6C GO LOL SO0 SO0 gL ¥60-  99¢€ 09'v 05-0€ 0
8€Z 8%l 2900 <60 920 065 ¥0Z 9L 95€ 9FlL G 0Lz 2TZo 2V'L 200 LLO 8¢ 180~ 2Lt 65 0€-8 ov
8Ly G/8L €9L'0 90€ L0 0€ O¥S ¢5LL L9 2T9 €G 610 8¥lL €V 600 €£0 vl 180~ 62V oL's 8-0 uv
oojosdes 0o3oAsId ODILIT0DTH 0OTOSSOIN/(PUYI0 “dlweojojued) [osobey ousAd - 0Ld
S|
L'€e /8GZ 1600 960 690 S¥Z  8GE V59 L'e  ¥eC gy 920 S¥0 0.1 SO0 ¥LO Gz L0b-  S6€ 20'g 09-G¢ oz
0/€ 008l 8900 22} G60 L2C 68 €5, BL€ €6¢C 9% 980 850 2L 100 910 61z €0l- I6€ 76t G€-G0 2uve
¥y lv'GC 0€€0 O¥8 G0 00 Z8S €6l 68 68 ¥9 000 99} 969 2L'0 920 e 880~ LY G9'g G0 Ly
ougjuswbel ooyonsid OJIL[1093TY OTOSSOIAN/(9hdey “OlwnH ‘oling ‘Olusieole)y ‘olweo|ids) [osUquin dUBWOS - 6d
S|
L¥e LZ€L 0EL0 2LV L0 Vvl Ol 8¥8 SOV 8vE 0G 80 O0O¥0 v8¢ 900 810 gL 00 20 20'g 06-0S <fo)
% cwip/lowo cwp/Bw

16w 1oM O%H (wo)

W3Ry N/O N O SeN w A 030 29303 49S IV+H IV BN .20 .eN M g Hdv Hd Hd yideg  uozioH

uoneNuRUOD

YA



anupuo)

08L €96 €500 1S90 991 67¢L ¢LL 6L S0S L€ 99 89¢ 160 L00 €10 920 V'L 190 29¢ 6C'v 09-G¢ €ve
G'0c 89'LL G000 880 180 L9. ¢ech 6L LL'v 1670 0L 0¢¢€ 9¥0 10 900 vC0 8¢  8¥0- 19°¢ 60'v G¢-S cuve
v'le 68¢l 8ly0 6£S YOl 96 €6e 608k 0L 6€9 L'l 890 G6'L 68€ 6L0 LEO A 67°0- ¥8'€ €ev S-0 v

ooljossojulid 0oyonsia 91 ODINY TN OTOSSIF19/(oike|Bopuz ‘ondey ‘olweojojued) (osuquin dljdeH - 91d

o
Lcy - - 600 9l 00 L'8L €6'G  €9Y €9V €l 10> L9V ¢€L¢ €10 00 9¢ 691- Ly 019 09-0¢ o]
viv - - ¥L0 ¢90 00 1’68  9€'G 9G¥ 99V 80 10> OvL o00€ €00 ¢l0 ¢ Oori- 0€'s 049 0e-Gl [40)
LSy - - /20 620 00 L'¢8 699 65V 69V 0L 10> 960 <¢¥re ¢00 610 [ €L 8G°'G L9 G- 1OV
67y - - 8L €0 8¢ ¥¥6 690L 8€0L 600} 90 6¢0 691 108 €00 620 L0l €9°0- €59 9L S-0 v

00(df} 004oINT ODILITOOTY OTOSSOAN/(olweojydwy ‘olusields) |0sobey ouing - GLd

o
¢6e v¥0lL G900 890 /L€l 06l ¢v¥s 668 66G S8V Ly vllL 681 9v'L €21 L€ L'l 167}~ Sv'e [400] 0v-0€ d0¢
0.€ ¥8'GL ¢800 0€1L 998 66l 69 V.6 699 V4G ¢y GO0V G¢¢ 6L €80 8¥0 L) Ll 19°€ c0's 0€-0¢ ¢
6'€y ¢¢9l €LL'0 €81 08¥% 6'G ¥'9G 6.0L L¥'9 609 L'y 8€0 Lg'¢ 0L¢C ¢S50 090 9¢ vl G8'c 60'G 0¢-8 cuve
8vy G9'0¢ 9620 LL'9 641 00 808 <¢'LL 6¢€l 6¢l €¢ 10> ¢g¢ 9€6 1€0 160 ¢l 69°0- €e'g 0’9 8-0 Luv

ougjuswbels 0o4onng OIITQLIT OTOSSOIAN/(ondey ‘olwny ‘olweojojued) wazoseyd dljdeH - 1d

8¢y G9'v¢ 8200 690 99°¢ 09¢ Sy Gv'g Le'e  Gve 0€ 980 60 990 610 €90 80 45 v.'€ 90°'G +06-0% 40
€Ly L9/L G900 GL'L 0L 9/l €6E 9.9 €2t 99¢ L'y /90 060 Z0}L <¢L0 890 6'€ 1T}~ 06'¢ AN 0v-Gl oV
89y 0€9L L0 v¥e €L'¢c 00 v.9 /6'LL 108 108 6'€ L'0> 9¢¢ v9v 9¢0 160 A 8.0~ G8'v €96 G1-0 v

001d} oolWNH ODIL|1093Y OTOSSOAN/(2IWNY ‘ousselydwy ‘olweoT) |0sobey ouiNg - ¢1.d

96 8L0L S¥00 9¥0 L9l 0'8S 20z 9L¢€ 181 9.0 0¢ GO'L 000 890 900 200 8¢ 780 SZ¥ 10'S  +0GL-G0l yoz
1'8 ¥6'2L G900 ¥80 190 9€9 LSL IS¥ G6L LLO 8¢ ¥Z'L 000 990 €00 200 1’0 0S50 9% 99'¥ S0L-26 14
'/ 100l 900 L0 S.0 299 L'GL €8¥% 9Lz €L0 L'y e¥'L 100- /90 00 +00 90 950 €l¥ 69V 26728 fol=14
% cwip/lowo cwp/Bw
16w 1oM O%H (wo)
Wag  N/O N O SeN w A 230 2303 9S IV+H v ..BN .BD .eN Wy Hdv Hd Hd ydeq uozuoH

uoneNuRUOD

801



anuiuon

v'lS

699

90 10> 99¢

8299

99'G

0c’.L

Sv-0 \4

091d)} 09O OJI4HQINOHAIH OTOSSILEIN/(MKID 01d3 “ouinasadAH) [osiUaA dljes - 0zd

€6e
0Ly
L'y

Sov

9ecl
6.°¢CL
(XA 4"

'8l

€y 8¥'lL <20
9¢ 980 <¢€0
G'¢ 80 6¥V0
¢8 ¢l'0 101

0y

Sy

0'G

L'le

99°¢
29'e
69°¢
L0V

86V
66'Y
¢0's
1S

+04-G¥ 0
Gv-G¢ 0
Ge-€ \4
€0 yv

oondg| 0ooAIsId ODILITODIY OTOSSOIAN/(RLINT ‘Olweojojued) [osuquin olideH - 6Ld

0'GS
(4]
1'2S
(A%
6'9S

/8¢
960}
66°L1
€0°GlL
66°Gl

.'0 000 S6°0
0L 000 86}
0¢c 000 891
L'¢ 000 G61
9% 000 90°¢

e

Vil
vl
6

66

T4
[4h 7
T4
6v'v

VA 4

59
0L9
€96
28’
06'G

+08-99 90¢
G9-G€ ove
G€-0¢ quve
0¢-01 cuv
0L-0 Luv

001df} 004oINT ODILITODTY OTOSSOAN/(oledued ‘olweojojued) wazoseyd dlideH - gl.d

8',¢
(454
14c14
€6y
€6v

86°L
6€'9
vevl
6671
[4%°])

€y vl  1G¢
6'€ 880 ¥l
0¥ ¢v'o 107}
¥'e€ GL'0 001
'€ 000 9¢¢

6L

8¢

6'¢
0'S
€¢ce

9€'€
[4R
L€
00'v
S0'G

LE'G
89°'G
29’
9.°'G
€09

+G¥-0% @0
01-0¢ [4e}
0€-0¢ 30)

0¢-€ quve
€0 yv

oonjjoides 0oy ODILIT0DTY OTOSSOIAN/(oredued ‘olweo|ids) wazoseyd olldeH - /Ld

€€C
Sve
6'l¢

6€'G
8L'G
60°€

€8 G9v 919
8¥v ¢ve 6Gl¢
6'G 0l't 90¢

0'vS
c9l
evl

or'e
19°¢
4R

LY
69y
65V

16w
s_mmn_

N/O

cwp/°jowd

IV+H IV BN

cwp/Bw

d

1OM
Hd

O°%H
Hd

+0l€-0€l Zboz

0€L-¥6 160z

¥6-09 ove
(wo)

yydag uozuoH

uoneNuRUOD

601



anuiuon

Gy 16, LLO0 600 8LEL 00 00l /68 168 168 00 00 ¥z 2T9% 8LL 2.0 L¥8S  OFL- €€l €8 081-071 ymal
¥'€S 6% ¥L00 200 160L 00 29 8L LS. 1G. €0 00 <22¢ SO¥ G80 60 L2LS €¥0- 829 129 ovL-GLL 09
6€S G2/ 200 600 8.9 00 896 ¥Z6 ¥68 ¥678 €0 00 8¥z 9rS €90 €0 0929 €£0- ZL9 Sv'9 GLL-v0l emgg
€96 /6% ¥L00 200 G8€ 00 L6 8.9 859 899 Z0 00 L'z L6€ 920 ¥20 L'96F LEO0- 109 ze9 ¥01-GL ov
6€S 628 ¥L0OO <2L0O 2Ll'c 00 T9 8L LS. 1GL €0 00 6lC /8% LL'0O 620 8867 990~ 8LG €9 G.-Te mag
9LS 16, 2200 L0 /€T 00 G06 €E€¥8 €9L €9/ 80 00 2ZZ 9L¥ 0Z0 Sr0 9€0e  2€L-  LL'G 619 ze-8l imgae
0vS 969 0200 ¥L'0 9€0 00 .68 G8Yv GEV GEV G0 00 €21 ¥9Z 200 9Y0 GLGL  8L'L-  8¥§ 99'9 81-0 v
ooldy} 0o4oN® B1 ODIANTH OTOSSIGNYD/(oIweojAjod ‘oluaieh|od) [0SIqWED OIAN|S JIWLBA - ¥2d
S|
Oly 600L €200 €20 €.¢ 00 886 CEOF T86E T86E G0 00 €S€L €L'Gz 0Ll 900 €y 80T 006G 802 S0 19
¥'.€ 9v9lL €00 190 90L 00 16 9Y'9¢ 99'GC 99'6C 80 00 896G €56, 820 LLO 0Z 891~ S8% €59 ot-0l g
86 €6€C 8¥00 Gl ZFO 00 L¥6 GL8L S9LL S9/LL L' 00 gV 262k 600 €v0 96  ¥9l- /9% €9 0L-0 v
001|9SSILBA 00IHQ ODINQHD OTOSSIANT/21dT ‘ounaledAY *oike|D Olweo|id3) [0SIANT JIUBA JIWLBA - €2d
S|
8'cy - - 621 160 00 L€8 2Lyl ceelL zceeTl ¥Z V0> 2TT v.8 €10 ST 0GL 80'L-  BLS 189 Ge-Gl 0
ozy - - 600 v.€¢ 00 CTZ8 668 6ELL 6L 9L 10> 181 80S ¥€0 910 9L 66  8FY 1¥'9 G1-0 dy
0oid}} 024o1N3 ODITQLIT OTOSSOIN/(2IUM|0IdES “Olweo|ojued) [0S0BaY JIUIBA oUINT - Z2d
sjios ebupee? [ealdA
S|
L0S 198 2900 €50 89L 00 8.8 6€L 6¥V9 6¥9 60 00 €L 9Ly 2L0 160 6L  v0'Ll-  BL'S €29 0z-0 dy
0o1dy} 000N ODI1QLIT OTOSSOIN/(olweo) josoyde o - Lzd
Z0€ 096G 6500 €€0 +¥29. 00 00L vL'lZ VLT vLlZ L'0> L'0> €80 S¥e 690C L'z Llzel 80T GE€L €1'6 +01L-G¥ unge
% cwip/lowo cwp/Bw

16w 1oM O%H (wo)

W3Ry N/O N O SeN w A 030 29303 49S IV+H IV BN .20 .eN M g Hdv Hd Hd yideg  uozioH

uoneNuRUOD

oLl



anupuo)

S|
26 908 800 GL'0O 1§C 000 O0€S6 <ZZv <COv 20V 0Z0 000 8¢l 6£C LL'O GL°O 9y 660~ LY 9/'g 08-0/ o]
€€5 /96 SLOO GL'O L¥L 000 0606 82€ 86C 86¢C 00 000 860 G211 SO0 020 06 ¥0Ll-  S8% 68'S 0L%S VO
TyS 069 1200 GL'0O 000 000 O0L€6 8L'E 86C 86C 0Z0 000 090 +¥.L 000 ¥90 92 GTl-  ¥6'§ 6L, ¥5-91 v
92S 26l ZLL'0O  SLZL 00 000 00°00b vL'LL wLLL vLLL 000 000 LL'Z €88 LOO 6L0 LGS 2¥r0-  G6'9 1€/ 91-0 dy
0ondg| 004oNg OIILIT09TY OTOSSOIN/(olUBIeydwy ‘olweo|ids) josobay oung - gzd
S|
89y 00% O¥00 9L'0 90C 08€ 08€. 26 <¢€L 00L 0S5z 820 90C €L¥ 000 000 ol - - €L'g 05-0¢ 2
90y G/6 0¥O0 6€0 8.1 086G 080L 958 +¥9 019 05 8€0 ¥.L LL'F 000 000 [ - - €9'G 0€-0l g
g6y 8LvL 0LLO 951 6.0 000 OLS.L +26 +69 069 0€'Z 000 €€L 00G 000 000 zee - - 609 0L-0 v
001d}} 01O ODINQYD OTOSSIANT/(21d] ‘Olweojojued) [0SIANT DIWIBA - LZd
S|
€y 08, 0500 6€£0 €62 000 0688 286l L9/l 0L/LL 0ZZ 000 /99 €£6 100 000 80 - - GlL'9 0¥-02 g
Ggee 08/, 0500 6€0 2SL 08C 0.2, GL'6 ¥89 0.9 0S5 6L'0 tZZ 80F 000 000 ol - - €L'g 0Z-S av
L'y G20L 0800 980 G50 000 O0L08 €58 €89 089 01 000 €61 9¢¥ 000 000 z8 - - AN G0 v
09]|9SSIMAA 00O ODINQYD OTOSSIANT/(21dT “OjWeojojuEd) [OSIANT JIUBA JIWIBA - 9Z2d
S|
LS ¥S. 0L00 800 62€ 000 O0L66 29LE TELE TELE 0£'0 000 /88 8€lZ +O'L €00 LZ0L 18T  LES AN:] 05-0¢ o9
08y GZ0L 000 €0 6SC 000 09.6 €0GC EVve E¥¥e 090 000 2€L L¥P9L S90 SO0 g€l 0lL'e- L¥S 1S, 0g-0l g
607y 69, 0FO0 €0 851 000 006 /892 21092 LO'9C 080 000 898 889L €¥0 600 gL 6Lz L0 9z'L 0L-0 ve
001d}} 091UQ ODITdYH OTOSSIANT /21d3 “olweojid] *olAe|oid3) [0siAnT ondeT JlWIBA - GZd
06€ 08'S 0LO0 900 tg8L 00 00l 906 906 906 00 00 €82 08¢ G9L 220 629 9L'L- 1LY /8’8 +0€Z-06l oma/
80y ¢¥¢ 2L00 €00 029L 00 00L G088 S08 G08 00 00 /[ZT L€ 0€)L 0.0 680L LEL- 2lLL €0'6 061-081 sma/
% cwip/lowo cwp/Bw

16w 1oM O%H (wo)

W3Ry N/O N O SeN w A 030 29303 49S IV+H IV BN .20 .eN M g Hdv Hd Hd yideg  uozioH

uoneNuRUOD

LLL



"(¥20z) Joyine Aq uoneloge|3 :304NOS
‘llos ay3 Jo Ajioeded uondiospe 4 = W3 "uoijeinies BN = SEN "Uoljelnies wnuiwnje = w ‘uopeinies aseq = A “Aloeded abueyoxs uoneo
|ej0} = D39 ‘Ayoeded abueyoxs uoled jusjeAinba = D3HJ 'S8seq Jo wns = Sg “IDM N L Aq pajoesixs Aypioe sjgesbueyoxs = |V + H " L-U9d1IlUs\ Ag pajoelixs 4 = Nd

<]
6'8¢ - - €0 vS§lL 000 O0c¢l6 0¢'Sc 0S¥C 0S¢ 040 000 ¢€v6 65vL 6€0 600 €y €0¢ A4 YL S-Gl g
6'€E - - L0 820 000 OlLS6 8¥9L 89GL 896Gl 080 000 L€G 886 G000 8€0 Vil i 09 9L’ GL-0 v

001d1} 09O ODINQHD OTOSSIANT/(21dT ‘OlhejpojuEd) [0SIANT JIWIBA - LEd

08¢ - - 80 GL'9 000 0000k ¢v9C ¢cv'9c cv'9c 000 000 8€0L 8EVYL ¢91 €00 0¢ 09°L- G¢'9 G8'L +2G-G€ o]
Gg'ee - - 80 ¥.'G 000 0000l 6£LC 6€LlC 6E.lC 000 000 90k coGlk LGV ¥0°0 0¢c €9} ¥0'9 YA Ge-Gl g
9'9¢ - - 690 6€1 000 O0L16 ¢cvec ¢c¢ec cc'ee 00¢c 000 896 GZLL ¥€0 90 Ge Le)- 0L's €9 G1-0 v

001d1} 09O ODINQYD OTOSSIANT/(21dT ‘dlhejpouEd) [0SIANT JIWIBA - 0Ed

o
v'eEy €98 ¥€00 620 196G 060 O0€l6 GL'lec v00C G86l 06’k 6L0 S¥9 v0CL ¢¢'L ¥i0 8L 10°¢- 18°€ ¥6°'S S-Sy ad
9¢y 168 L¥00 LEO €€ 000 0088 18GL L6€L L6€EL 06k 000 <¢8¢€ ¢€¥6 €90 €L0 9¢ 890 a9y 0c's Sv-ce g
69y 0L YO0 620 691 000 o0€€6 vEIL PTGl vIGl OL’L 000 G2€ 90'LL 820 GL0 Vel GE'b- €LY 809 ce-€l av
L'/y 680L vl'0O 09'b 00°L 000 06¢6 9€8L 90°ZLL 901 0¢’L 000 ¥ ¢8LlL 8L0 8.0 ¥'c9 18°0- 866G 6€°9 €10 dv

001d}} 01O ODINQHD OTOSSIANT/ (91dT “OlWeojojued) [0SIANT JIWIBA - 62d

% cwip/lowo cwp/Bw
16w 19 O°H (wo)
Wag  N/O N O SeN w A 230 2303 9S IV+H v ..BN .BD .eN Wy Hdv Hd Hd ydeq uozuoH

uoisnjouo)

4%



113

The dominant base in the exchange complex is Ca?* > Mg?* > K* > Na*. Of the
twenty-one profiles, only twelve showed base saturation (V) above 50%. The lower base
saturation values were registered in the deeper horizons and in toeslopes. On the other
hand, these soils had an organic carbon content in the subsurface close to or greater than
1%, and a pH equal to or higher than 5.6. The soils on gnammas (P2 and P4) registered
the lowest base saturation and some of the highest CEC values.

The soil profiles presented particle density (PD) values ranging from 2.15t0 2.79 g
cm3, and an average of 2.54 g cm™ (Table 6). These results are close to the relative
density of quartz (2.5-2.8 g cm®) and feldspar (2.5-2.6 g cm3). The bulk density (BD)
values show great variation, ranging between 0.82 and 1.72 g cm=, with an average of
1.24 g cm3. This is probably linked to the differentiation in the textural constitution of the
soil horizons sampled. BD values above 1.30 g cm-2 suggest sandy horizons, as in most
results. BD values below 1.30 g cm indicate horizons rich in organic material.

In the surface horizons, the organic C content varied from 0.4 to 19.0% (Table 5).
The N content varied between 0.06 and 0.9%. The C/N ratio of these horizons varied from
6.6 to 25.5. The C stock in the surface horizons ranged from 6.14 to 137.56 Mg ha™' and
in the subsurface horizons from 8.43 to 114.88 Mg ha™' (Table 6), averaging 47.12 and
40 .49 Mg ha™, respectively. The average stocks of N (2.81 Mg ha-') and bioavailable P
(0.027 Mg ha') in the surface horizons of the soils in the GIFs also exceed those found

for the typical Caatinga context by around 42 and 2 times, respectively.
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The variation in 8'3C and &'"N of soil organic compounds was less than 4 %o
between the horizons of each profile, except for the Haplic Umbrisol (P16) and Salic
Vertisol (P20). With the exception of Salic Vertisol, the soils record humid environmental
conditions throughout their genesis despite the dominant semiarid climatic condition. In
turn, the Hydromorphic Vertisol records C associated with algae between the base and

60 cm depth, transitioning to the domain of C4 plants (Figure 18).

FIGURE 18 - SCATTERPLOT OF 5'3C AND &'N VALUES. GREEN DOTS REPRESENT LITTER
SAMPLES. BLACK DOTS REPRESENT SOIL SAMPLES.
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5.1.4.2 Typical soils in Caatinga

The soils from the typical Caatinga context were identified as Luvisols (six soil
profiles), Regosols (three), and Cambisols (one). Generally, soils are shallow, except for
soil developed on terraces and derived from river sediments. The predominant color for
most horizons is brownish. We observed blocks of simple, strong to moderate,
subangular, and prismatic types. The consistency is predominantly friable, slightly plastic,
and slightly sticky. Roots are absent, few, or common. The pores are small and range
from few to common. The superposition of A horizons over B or C horizons represents
typical Caatinga soils.

The texture varies from sandy clay loam to sandy loam. Coarse sand is the main
fraction of soils and represents 34.7%. These soils have reactions that vary from neutral
to alkaline. The AI** content is practically absent, and the potential acidity (H+Al = 0.96)
is lower than in GIF soils. Typical Caatinga soils are predominantly eutrophic, where base
saturation exceeds 71% in all profile horizons. High Prem contents (average of 45.4 mg L~
') indicate low P retention capacity (Table 5). In general, soils from the Caatinga have
lower average C, N, and C/N values in the order of 418%, 330%, and 30% than soils from

GIF, respectively.

5.1.4.3 PCA analysis

Three principal components (PCs) explained approximately 88.66% of the variance
considering all sampled soil profiles (Figure 19a). PCs with high eigenvalues better
represent the variability of data characteristics. Components 4 and higher had
eigenvalues below 1.0 and hardly explained more variance than any original variables
(1/8, 12.5%), so they were excluded from subsequent analyses (Hilton, 2014).

The original variables linked to the first three main components mainly express the
weathering stage and the difference in the parent material of the soils. The first component
(PC1) explained 51.56% of the total data variance and comprised ECEC, BS, CEC, and
coarse sand content (CS). The second component (PC2) explained 23.96% of the total

variation, composed of pH, V, and clay content. The third main component (PC3) accounts
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for 13.14% of the total variation. The organic C content composes the PC3. PC1 reveals
the antagonism between ECEC, BS, CEC, and coarse sand content. PC2 shows the
antagonism between the content of pH, V, and clay content. PCAs were also performed

to find the PCs of the soil groups in GIF and in the typical Caatinga.

FIGURE 19 - PRINCIPAL COMPONENT ANALYSIS CONSIDERING THE ENTIRE SAMPLE SET (A)
AND THE GIF (B) AND TYPICAL CAATINGA (C) SOIL GROUPS SEPARATELY.

A salls a GIF soils b

Typical Caatinga soils c

Factor 3: 13,14%

05!t

SOURCE: Elaboration by author (2024).

For the GIF soils, three PCs recorded an eigenvalue above one and an explanatory
power of 92.28% of the total data variation (Figure 19b). PC1 explained 53.48% of the
data variance and comprises ECEC, BS, CEC, and coarse sand content. PC2 and PC3
together explained 38.81% of the data variation and are mainly composed of pH, clay
(PC2), and C (PC3), respectively. In the case of typical Caatinga soils, two PCs recorded
eigenvalues above one, explaining around 76.90% of the total data variation (Figure 19c).
In this group, the first principal component (PC1) explains 61.90% of the total variation.
The CEC, ECEC, Mg?*, Ca?*, clay, CS, and fine sand (FS) are correlated to PC1. PC2
accounts for 14.99% of the total variation in this group and is mainly formed by silt and C

contents.
5.1.5 Discussion
The diversity of properties related to base concentration, texture, and organic C

content reflects the diversity of source materials and weathering conditions in different

landscape contexts in the Brazilian semiarid region. The PCA performed between original
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variables considering all groups (Figure 19a) suggests differences in the genesis between
GIF soils and typical Caatinga soils. The GIF soils have higher sand content, are more
acidic and dystrophic, and consequently more weathered than those observed in the
Caatinga. Textural ratios indicate that the GIF soils are formed of autochthonous and
allochthonous material from the granite (Figures 20, 21 and APENDICE D). On the other
hand, high base saturation, high activity clays, and low levels of organic C are commonly
found in typical Caatinga soils (Tables 5 and 6).

In the case of the soils in the GIF. The occurrence of acidic and low base saturation
soils in GIF is attributed to their vegetation cover. Granite bodies intruded during the
Brazilian orogenesis (650-620 M.a.) in the Borborema Geological Province (do
Nascimento et al., 2015; Salgado et al., 2015) support residual reliefs (Corréa et al., 2010)
such as inselbergs (Maia; Nascimento, 2018) higher than the surrounding areas.

During the exhumation process, granite bodies normally undergo pressure relief
that conditions the preferential paths of fracture networks or faults. Once exposed, the
rocks are subject to adverse weather conditions (Xavier, 2021) and attack by weathering
agents (Lopez; Bacilio, 2020). In addition to suffering from physical-chemical changes,
gnammas and fractures accumulate water, sediments, nutrients, and biogenic residues.
The accumulation of these materials enables the development of soil with favorable
conditions for plant colonization (Burke, 2002; Clark-loannou et al., 2021; Pérez, 2023).

As soils are deeper and water availability increases (Ottaviani et al., 2016; Schut
et al., 2014; Yates et al., 2019), denser, more diverse, and larger plant communities are
observed, even allowing the occurrence of species sensitive to water scarcity native to
other biomes in Brazil, such as the Amazon, Cerrado and Atlantic Forest (Lunguinho,
2018; Salvador et al., 2023). Species such as Bixa orelana, Chloroleucon tortum,
Erythroxylum suberosum, Hymenaea rubriflora, Myrcia neolucida, Myroxylon peruiferum,
Pisonia ambigua, Plinia grandifolia and Vitex orinocensis (APENDICE B), observed
exceptionally in the various “soil pockets” (Burke, 2002) of the granite inselbergs, which
allow for a greater contribution of organic matter, causing these soils to have average
organic C levels around five times higher than those observed in the typical Caatinga
(Table 6).
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FIGURE 21 — VEGETATION COVER AND SOIL PROFILE IN GRANITIC INSELBERG FIELDS.

Vegetation cover in soil pockets on granitc inselbergs
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The greater supply of organic matter favors the occurrence of darker colors in the
surface horizons (Souza et al., 2023). These soils also presented a subangular structure,
an abundance of very fine and fine roots, and dominance of pores ranging from small to
large, tubular type and, to a lesser extent dendritic type, indicating widespread
bioturbation (Freitas et al., 2021; Schellekens et al., 2023).

Soils high base saturation and high pH eventually are registered in the surface
horizon and in the highest positions of the slopes. With the exception of the profiles
classified as Vertisol, the profiles in toeslope and the pediment surface, P7, P8, P11, P14,
P15, P17, P18 and P21, are less acidic, with an average pH of 5.85, a mean base
saturation at about 71%, and have the lowest C and N contents of the soils in the GIF,
averaging 1.49% and 0.11%, respectively. In addition, the Prem of these profiles is very
high, averaging around 46.21 mg L-'. The high values indicates organic and mineral
compounds of low affinity with P. As is the case for typical Caatinga soils, these eutrophic
profiles of the GIF probably have a lower capacity to retain moisture, and the little that is
retained remains in the system for a shorter period. The reduction in moisture tends to
slow down weathering processes, leading to soils presenting characteristics similar to
those observed in the parent material.

The organic compounds play an essential role in water retention (Lal, 2020), and,
consequently, its availability to plants, especially for soils in arid and semiarid regions
(Stewart; Lal, 2018). An average increase of 1% in SOM content, for a surface layer of 10
cm, favors an increase in water available to plants by 3 mm for sandy soils, 2.5 mm for
loam soils, and 2 mm for clayey soils, and reduces the permanent wilting point compared
to field capacity (Murphy, 2015). For sandy soils, specifically, with SOM contents ranging
from 0.5-1.0, 1.0-3.0, and >3%, at a depth of 0-20 cm, a 1% increase in SOM content
increases water content available to plants in the range of 3-4, 2-3 and 1 mm, respectively
(Wosten et al., 2019).

The occurrence of plant species sensitive to water scarcity in GIF soils is attributed
to the greater availability of water favored by plants due to the increase in SOM content
(Hudson, 2014; Minasny; McBratney, 2018; Rabot et al., 2018; Rawls et al., 2003). SOM
can store up to 20 times its mass in water (Stevenson, 1994) and serve as a binding agent

for sand particles, creating more stable and porous aggregates (Silva et al., 2023).
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Furthermore, the dominance of sandy loam texture reduces water loss through capillarity-
evaporation from the soil surface (Li et al., 2014).

Low base saturation soils occur only in the context of the GIF, accounting for 57%
of the 21 profiles (Table 5). Low and high base saturation soils are irregularly distributed
across the GIF landscape (Table 2). However, low base saturation soils seem more
associated with gnammas and toeslopes. High acidity levels are derived from partial
decomposition of organic compounds (Conforti et al., 2020, 2016). The decomposition of
soil organic matter releases functional acids, such as phenolic and carboxylic acids, which
dissociate and generate H* ions (Silva, 2023). The high specific surface area (800-900 m?
g') and low zero charge point (200-300 cmolckg™) of organic compounds accelerate the
leaching of bases (Grohmann, 1972; Pennell et al., 1995). With an increase in the
concentration of H* in the solution, the pH reduces and consequently increases the soil's
acidity. Under acidic conditions, basic cations are more easily leached due to the affinity
between the H* ion and the clay surface.

The decrease in ECEC and the formation of soluble complexes with inorganic
anions and organic acids also reduces the activity of bases in the soil. Furthermore, the
predominance of sandy loam tends to favor increased infiltration and percolation of
rainwater along the profiles, thus intensifying the leaching of basic cations (Table 4). High
levels of acidity and dystrophy are frequently reported for highly weathered soils in tropical
environments with high average annual rainfall, such as the Atlantic Forest — 1.500 mm
(Pacheco et al., 2018) and the Amazon — 2.500 mm (Fonseca et al., 2021).

The soils in gnammas and toeslopes (P1, P2, and P4) have an average base
saturation close to 12%, the lowest base saturation in this study. A higher CEC in relation
to ECEC suggests deep nutrient leaching. Soils developed in gnammas (P2 and P4) are
more likely to maintain moisture for longer periods, allowing for the intensification of
weathering (Figures 20 and 21). P1, on the toeslope of the inselberg, has similar
characteristics, however, it is less dystrophic than the soils in the gnammas.

Other chemical properties, such as the low ApH and the low Prewm in profiles located
in gnammas and at the toeslope of inselbergs suggest an unusually advanced stage of
weathering and pedogenesis, in comparison to typical Caatinga soils (Tables 2 and 5).

The similar isotopic signatures of soil and litter suggest that the source of organic C was
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maintained throughout the pedogenetic process (Figure 18). Therefore, we suggest two
possible hypotheses regarding the genesis of soils in GIF: a) these soils were formed in
the past, in wetter climates; or b) these soils were formed in the current climate, but the
geomorphological condition has always favored greater accumulation and maintenance
of moisture.

The analytical results of the physicochemical properties suggest accentuated
weathering in humid conditions. Palynological records close to GIF (<30 km away) reveal
that the semiarid climate has been in effect for around 4.900 years (Souza et al., 2023).
The soil pockets located in gnammas or around granitic inselbergs (toeslope) present
hydrological conditions, in addition to unusual levels of organic C, different from those
observed for typical soils of the Caatinga, and therefore maintained pedogenetic
processes such as melanization, leaching, and gleization, which are characteristic of
humid environments.

Considering the recent implementation of the semiarid climate, such pedogenetic
processes would not have their origin in the current climatic context. In more humid
phases, several periods of the late Pleistocene and early Holocene enabled the
advancement and consequent connection between the Amazon Forest and the Atlantic
Forest, occupying the current semiarid region, allowing for higher organic C accumulation,
formation of more weathered and developed soils, in addition to intense floristic exchange
(Ab’saber, 1992; Arruda et al., 2015; Souza et al., 2022).

As the climate became drier, the Caatinga expanded. In this scenario, areas
suitable for maintaining past characteristics were fragmented as climatic, botanical, and
pedological inheritances, mainly associated with higher areas (Barbosa et al., 2015;
Bétard, 2012; Souza et al., 2022) or in conditions of presence of soil pockets provided by
the existence of inselbergs/rocky outcrops (Salvador et al., 2023). This change to a drier
climate, in general, tends to minimize these paleoenvironmental characteristics in the
Caatinga, as in more typical landscapes, the soils naturally have a lower capacity to store
water and organic C due to the reduction in precipitation and change in vegetable cover.

The imposition of a semiarid climate will pedogenetically nullify the possibilities of
maintaining a dense, larger vegetation cover sensitive to water scarcity, leading to an

adjustment of soils to the current semiarid climate. The different morphologies in the GIF
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probably acted and still act as a refuge for soils and biodiversity, which resisted past
climate changes.

The second hypothesis is based on the geomorphological diversity provided by the
granitic inselbergs field (GIF). The granitic inselbergs appear abruptly amidst the flat
landscapes of the typical Caatinga. The rocky slopes of inselbergs govern the distribution
of water, sediments and organic residues, which in turn tend to accumulate in the lower
areas of the relief, such as gnammas, cracks/fractures, and toeslope (Burke, 2002; Meyer
et al., 2021; Pérez, 2023). In this way, plant species that are more demanding on water
can colonize and develop (Salvador et al., 2023).

In these places, denser, diverse, and larger vegetative fragments are observed,
which generally favors greater primary production of organic matter and consequent
deposition in the soil (Ottaviani et al., 2016). Greater primary production promotes greater
incorporation of organic residues into the soil than typical Caatinga soils (de Souza et al.,
2022). The increase in humidity provided by these soil pockets also contributes to
increasing organic C levels in the soil.

The existence of larger forest fragments produces greater shading and reduces the
amplitude of the daily thermal oscillation (Lunguinho, 2018). In this scenario, true
“microclimate islands” form and mitigate the extreme conditions observed on exposed
rock surfaces, enhancing biological activity (Bramer et al., 2018; Gillingham et al., 2012;
Schut et al., 2014; Yates et al., 2019). The seasonality of rainfall in the semiarid region,
associated with higher humidity levels, organic C, and intense biological activity, can
periodically intensify soil acidification by releasing more H* ions from organic compounds
and consequent leaching of basic cations. The reduction of exchangeable bases leads to
dystrophy, suggesting an advanced weathering stage in these soils.

The higher levels and stocks of organic C in GIF soils can also be attributed to the
higher C/N ratio (Table 5), which limits the decomposition of organic compounds (Silva et
al., 2023). The higher C/N ratio and low soil density in these superficial horizons indicate
the accumulation of light organic compounds from poorly decomposed plant residues
(Bernardi et al., 2023), assuming that the residue accumulation process organics is recent
(Tadini et al., 2018). A virtual decrease in the C/N ratio and simultaneous stabilization of

organic compounds are frequently observed in the literature (Grineberg et al., 2014; Pires
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et al., 2017). Furthermore, positive correlations between C/N and organic C observed in
the literature suggest that the increase in organic C stock occurs in conditions less
favorable to microbial activity (Chen et al., 2019; Grand; Lavkulich, 2012).

The typical context of the Caatinga is characterized by gneisses and schists that
are less resistant to weathering compared to granite (Maia et al., 2015), which correspond
to wide, smooth hills and flattened surfaces (Xavier, 2021) (Figure 16) with a
predominance of vegetation cover shrub (Souza et al., 2015; Souza; Souza, 2016). In
theory, they should allow the formation of deeper, better-structured soils and higher water
infiltration rates (de Souza et al., 2022) than those observed in the GIF. However, the
combination of scarce vegetation cover, with areas in an advanced stage of desertification
(Ballén et al., 2016; Souza et al., 2015) and soil erosion rates of up to 51 t ha' year’
(Albuquerque et al., 2001), tends to selectively remove organic and mineral particles
(Borges Neto et al., 2023), restricting the formation of thicker A horizons and even organic
horizons.

Another process to be considered is the photodegradation of SOM in typical
Caatinga soils. This is particularly important for our study region, which receives around
2.800 hours of sunshine annually (Nascimento et al., 2014). The high incidence of
insolation associated with high exposure to UV radiation can cause a reduction of up to
60% in the litter mass (Austin; Vivanco, 2006; Hussain et al., 2023).

This process occurs through the photochemical mineralization of lignin exposed to
UV radiation, which produces smaller organic compounds, accelerating SOM
decomposition (Esch et al., 2019; Wang et al., 2021; Yao et al., 2022). The exchange
between solar radiation and water pulses can also lead to biological oxidation and C
leaching, further impacting soil organic composition and nutrient cycling (Austin; Vivanco,
2006; Esch et al., 2019; Noy-Meir, 1973). Thus, photodegradation helps to reduce SOM
contents, and, consequently, restricts the melanization of the horizons of typical Caatinga
soils, as observed in the predominance of brownish color (Table 3).

Although the organic compounds of the Caatinga are more restricted and do not
play such an essential role in the complexation of bases and the generation of negative
charges, due to the abundance of permanent charges on the surface of the clays, the

organic compounds will serve as a source of C, N and P, chemical elements that have a
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high affinity with biological activity and are demanded in high concentrations by plants and
microorganisms (Menezes et al., 2012; Silva et al., 2023). Furthermore, SOM in the
Caatinga is important for improving physical properties, such as the stability of aggregates
and greater water retention capacity, especially during dry periods, common to the current
semiaridity (Lal, 2020; Oliveira Filho et al., 2024, 2022a, 2022b).

5.1.5.1 C, N, and P in dry forests

Due to droughts, dry forests in arid and semiarid regions have a lower capacity to
sequester C per unit area (Lépez-Fando; Pardo, 2011). Furthermore, these regions are
characterized by thinner vegetation cover (low primary production) compared to wetter
ecosystems, and consequently, they have lower levels of organic C in their soils (Lal,
2019; Oliveira Filho et al., 2022b; Plaza et al., 2018; Queiroz et al., 2018). However, our
results show that GIF soils had median organic C values that exceeded values previously
observed in other semiarid environments by 10.2 times — India (Yadav et al., 2008), 3.2
times — Ethiopia (Gelaw et al., 2014) and Brazil (Oliveira Filho et al., 2024), 2.7 times —
Spain (Benslama et al., 2024), 2.3 times — Mexico (Krasilnikov et al., 2013) and 1.8 times
— Algeria (Chenchouni; Neffar, 2022) (Table 6).

Organic C is the main component of SOM, representing 58% of its mass (Tormena
etal., 2023). C improves soil structure and increases its capacity to retain water (Minasny;
McBratney, 2018), especially in environments with reduced precipitation (Lal, 2019;
Oliveira Filho et al., 2022b). Furthermore, SOM releases N and P to plants throughout the
decomposition processes, serving as a primary reservoir of such nutrients. N acts in the
production of proteins and chlorophyll in plants; however, in semiarid conditions, its
occurrence is mitigated due to low C levels in soils and evaporation at high temperatures
(Skujing, 1981). Given this, the biological fixation of N by plants, especially legumes, may
be a mechanism to compensate for its absence (Freitas ef al., 2015). On the other hand,
P helps transfer energy within plants and synthesize nucleic acids, although its availability
is reduced in acidic soils (Oliveira Filho et al., 2022a).

In summary, the relationship/interaction between C, N, and P, boosted by the

decomposition of SOM, not only makes N and P available but also regulates the
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biogeochemical cycles of N and P (Menezes et al., 2012). The availability of these
elements in soils is essential to sustain ecosystems and promote carbon sequestration

and nutrient cycling (Lourencgo et al., 2022; Menezes et al., 2012; Tang et al., 2022).

5.1.6 Conclusions

Pedogenetic processes typical of humid tropical conditions occur in areas
influenced by granitic inselbergs, despite the surrounding semiarid context. The
occurrence of acidic, dystrophic soils with a high organic carbon content appears to be
directly related to the local geomorphological arrangement. The morphology of rocky
slopes favors the accumulation of water, sediments, and organic compounds in soil
pockets, inducing pedogenesis of more developed soils. In these environments, species
sensitive to water scarcity and native to wetter biomes occur, providing a refuge for
biodiversity in the Brazilian Northeast. Further research could increase the understanding
of paleoenvironmental evolution in the Caatinga domains, the estimation of the richness
of this biome, and the C, N, and P stocks of soils in the Caatinga, helping to reduce
uncertainty in relation to the great disparity and scarcity of data available in the literature.

Our findings could also lead to the development of innovative land conservation
and restoration actions with low opportunity costs to mitigate climate change in dryland
biomes, combat desertification, and support the maintenance of biodiversity and

ecosystem services that sustain the environment of human subsistence.
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6. MATERIA ORGANICA DOS SOLOS EM INSELBERGS NA CAATINGA

Neste capitulo buscou-se analisar os principais mecanismos de persisténcia da
matéria organica nos solos desenvolvidos em bolsées de inselbergs na Caatinga.
Baseado no capitulo anterior (item 6.1), utilizou-se técnicas e procedimentos
laboratoriais, como fracionamento fisico, termoquimalise e assinaturas isotépicas, com a
finalidade de compreender os mecanismos de estabilizacdo da matéria organica desses
solos. As caracteristicas excepcionais da matéria organica, num contexto semiarido,
reforcam a importancia dos bolsdes de solo em inselbergs na Caatinga, sobretudo para

o sequestro de CO2 e mitigagao dos impactos das mudangas climaticas.

6.1 MECANISMOS DE PERSISTENCIA DA MATERIA ORGANICA DOS SOLOS DE
BOLSOES EM INSELBERGS NA CAATINGA

6.1.1 Resumo

Este estudo analisou a matéria organica do solo (MOS) em areas tipicas da Caatinga e
em Campo de Inselbergs Graniticos (CIG), considerando fragcbes particuladas (MOP) e
associadas a minerais (MOAM), teores de C e N, relagao C/N, composi¢ao bioquimica e
assinaturas isotdpicas de 8'3C e 3'®N. Para contrastar os diferentes contextos
paisagisticos, foram selecionadas amostras de 10 perfis de solo, sendo 8 para o CIG com
teores elevados de carbono organico (CO) e em diferentes posi¢des topograficas e 2 para
a Caatinga tipica de maior abrangéncia espacial. Os resultados destacam que a MOAM
apresenta maiores teores de C e N e relacdo C/N mais baixa em comparagao a MOP,
indicando provavelmente sua natureza mais humificada, ligada a associagdo organo-
mineral e enriguecimento em N microbiano. A reducdo de C e N com a profundidade
reflete menor aporte vegetal e maior atividade microbiana em horizontes subsuperficiais,
exceto em horizontes enterrados nos solos do CIG, onde processos erosivos sazonais
promovem soterramento e preservacao da MOS. A maior persisténcia da MOS no CIG
pode ser atribuida a uma combinagdo de mecanismos que atuam via associagao organo-
mineral, hidrofobicidade e eficiéncia da ciclagem microbiana. Enquanto na Caatinga

tipica, condicbes semiaridas aceleram a oxidagao da MOS, aumentando a abundancia



145

relativa de compostos aromaticos. As assinaturas isotépicas de d'3C confirmaram
predominancia de plantas Cz no CIG, com enriquecimento em '3C em profundidade
devido a decomposi¢cdo microbiana. O enriquecimento de 3N na MOP, em
profundidade, sugere fixagédo bioldgica de N2, por outro lado, os valores mais elevados
na MOAM em relagédo a MOP, indica uma MOS mais humificade (maior estabilidade).
Conclui-se que os mecanismos de persisténcia da MOS na Caatinga sdo sensiveis a
fatores climaticos e pedoldgicos. No CIG, a maior umidade e aporte vegetal tendem a
sustentar mecanismos de protegéo, enquanto na Caatinga tipica, a aridez pode promover
uma aceleracao da degradagao. A preservacao da vegetagao nativa nos bolsdes de solo
do CIG é indispensavel para mitigar perdas de C sob a égide das mudangas climaticas,
destacando a MOS como indicador-chave de resiliéncia ecossistémica em regides

semiaridas.

Palavras-chave: MOP, MOAM, composicao bioquimica, atividade microbiana, is6topos

estaveis, Semiarido.

6.1.2 Introducéao

O solo € o maior reservatério de carbono orgénico (CO), contando com cerca de
3.000 Pg de C (Angst et al., 2022; IPCC, 2013; Kochy et al., 2015; Ussiri; Lal, 2017). A
matéria organica do solo (MOS) atua como uma importante fonte de nutrientes e energia,
além de auxiliar na regulacdo da umidade e temperatura do solo, dos ciclos
biogeoquimicos, e processos ecossistémicos (Hatten; Liles, 2019; Piccolo; Drosos, 2024;
Willard et al., 2024).

A dindmica entre estoque e fonte de gases de efeito atmosférico no solo ocorre no
balango entre o favorecimento do acumulo ou decomposi¢cao da MOS (Locatelli et al.,
2025; Willard et al., 2024). E recorrente na literatura a associacdo da estabilizaco da
MOS a varios mecanismos, por exemplo: a) interagdes organo-minerais mediadas
principalmente por 6xidos de ferro e argilas; b) autoassociagdo; c) hidrofobicidade;
agregacao e ocluséo fisica; e) potencial redox; e, f) bioquimica através de compostos
recalcitrantes (ex. lignina) (Carvalho et al., 2023; Hanke; Dick, 2020; Six et al., 2002;
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Sollins et al., 1996). Em solos sob condi¢des tropicais, a formagao de microagregados (<
250 ym) parece ser fundamental a persisténcia e até mesmo ao sequestro de C devido
sua protegao contra a decomposi¢cao microbiana (Tanaka et al., 2025).

A MOS pode ser discriminada em fungdo de composigdo quimica, grau de
associagao com os minerais e capacidade de resposta as mudancgas climaticas (Sokol et
al., 2022). Operacionalmente, existe um consenso sobre a necessidade de separar a
massa total da MOS em compartimentos que apresentam comportamentos contrastantes
(Lavellee et al.,, 2020). Para minimizar essa complexidade, a MOS pode ser
funcionalmente dividida em duas fragdes principais: matéria organica associada aos
minerais (MOAM) e matéria organica particulada (MOP) (Cambardella; Elliott, 1992). A
MOAM é a fragao da MOS que esta diretamente relacionada com os minerais do solo do
tamanho silte e argila (< 53 ym) e é basicamente constituida de moléculas unicas ou
fragmentos microscopicos de material organico que foram lixiviados diretamente do
material vegetal ou sofreram transformacgao quimica pela biota do solo (Lavelle et al.,
2020; Lehmann; Kleber, 2015). No caso da MOP, considerada mais leve, observa-se
principalmente compostos organicos mais complexos, nado ou parcialmente
decompostos, normalmente maiores que 53 pm e apresentam uma taxa de rotatividade
mais rapida que a MOAM (Manzoni; Cotrufo, 2024; Sokol et al., 2022; Witzgall et al.,
2021).

Os solos de ambientes secos detém concentracbées de CO menores do que os
solos de regides umidas, todavia, cerca de 32% (646 Pg) dos estoques globais de C estao
situados nessas areas (Plaza et al., 2018). A Caatinga € a maior extensédo de Floresta
Tropical Seca e o principal dominio paisagistico semiarido da América do Sul (Moro et
al., 2024). Sua extens3o territorial € de aproximadamente 862.818 km? (IBGE, 2019),
sendo coberta por uma vegetacado xérica, decidua e espinhosa que predominam em
superficies aplainadas em um clima quente e seco ha pelo menos 4.000 anos (Queiroz
et al., 2017). Nessa regido, os solos séo geralmente incipientes, rasos, moderadamente
acidos a moderadamente alcalinos, eutréficos e secos na maior parte do ano, com teores
de C e N inferiores a 0,6% (Araujo Filho et al., 2023).

Estudos recentes realizados na Caatinga brasileira evidenciaram a ocorréncia de

solos com altos teores de CO situados e/ou influenciados diretamente pela ocorréncia de
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afloramentos rochosos cristalinos comumente denominados de inselbergs (Capitulo
anterior, item 5; Souza et al., 2022). Essas formas de relevo sdo frequentemente
abordadas na literatura geolégica-geomorfologica (Maia; Nascimento, 2018; Twidale;
Vidal Romani, 2005) e representam um paradoxo ecolégico (Vanschoenwinkel et al.,
2025), onde se torna crucial entendermos quais mecanismos podem estar atuando na
persisténcia e funcionalidade da MOS nesses solos incomuns (Lavallee et al., 2020;
Meyer et al., 2021; Souza et al., 2022).

A estabilizagdo de MOS é relacionada com diferentes mecanismos que
desfavorecem a decomposi¢ao por microrganismos, tais como: 1) condicées anaerdbicas
e potencial redox oriunda de ambientes alagados (Sahrawat, 2003; Marschner, 2021); 2)
baixas temperaturas, normalmente associadas as areas mais elevadas no contexto dos
tropicos (Silva Neto et al., 2023); 3) complexos organo-metalicos com Al%*, Fe3* e
interacdo com argilominerais do tipo 1:1 (Dick et al., 2005; Kleber et al., 2015; Sarkar et
al., 2018); 4) incéndios passados e presentes e producado de material pirogénico (Glaser
et al., 2003); e, 5) complexos organo-metalicos com Ca?* (Rowley et al., 2018). Exceto
pela formagao de horizontes A chernozémicos em terrenos carsticos (Melo et al., 2017),
0s mecanismos mencionados ndo foram registrados até entdo na Caatinga. Isso se deve
a predominancia de condigdes semiaridas sob embasamento cristalino (Lages et al.,
2013; 2016). Diante deste contexto, a hipétese aqui sugerida é de que a composicao
bioquimica da MOS seja a principal responsavel por sua persisténcia nos solos da
Caatinga.

O conhecimento sobre os mecanismos responsaveis pela estabilizagcdo da MOS
em regides semiaridas ainda é limitado (Primo et al., 2024; Silva et al., 2025). Em
ambientes semiaridos a dindmica da MOS é criticamente complexa devido as suas
caracteristicas intrinsecas como a irregularidade na distribuicdo espaco-temporal da
precipitagcdo, alta incidéncia de luz solar, estresse hidrico e condigbes pedologicas
restritivas ao armazenamento de C e N (Araujo Filho et al., 2023; Oliveira Filho et al.,
2022). Desta forma, objetivou-se investigar a origem, composi¢gdo molecular e os
possiveis mecanismos de persisténcia da MO em solos com altos teores de CO situados
em inselbergs na Caatinga. Para isso, integramos as seguintes analises: a)

fracionamento fisico da MOS para avaliar sua interagdo com fragcbes minerais; b)
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assinaturas isotopicas (5'3C e 8'°N) para rastrear as fontes vegetais da MOS (plantas C3
ou Cs) e processos de ciclagem de N; e, c) termoquimdlise via HTMA off-line
cromatografia gasosa acoplada a espectrometria de massas (HTMA-GC/MS) para
identificar a composigao bioquimica (qualidade da MOS).

Insights importantes sobre a distribuicdo da MOS e suas respectivas respostas
frente as mudancas ambientais/climaticas podem ser obtidas analisando as fragées MOP
e MOAM (Witzgall et al., 2021). Essas fragbes também permitem rastrear as possiveis
origem dos materiais que compdem a MOS, como residuos vegetais, animais e/ou
microbianos (Chen et al., 2024; Primo et al., 2024), além da distingdo dos graus de
protecao fisico-quimica (Lavellee et al., 2020; Locatelli et al., 2025; Willard et al., 2024) e
da qualidade da serrapilheira (Lyu et al., 2023).

6.1.3 Materiais e Métodos

6.1.3.1 Area de estudo

A éarea de estudo estd situada na regido mais seca da Caatinga e
consequentemente do Brasil (Prado, 2003), sujeita ao clima semiarido (Bsh), de acordo
com a classificagdo de Koppen (Ballén et al., 2016) (Figura 22). Registros palinolégicos
proximos a area de estudo (<30 km de distancia) relatam que este clima atua ha pelo
menos 4.900 anos (Souza et al., 2023). A vegetagao € composta por espécies arbustivas,
principalmente pioneiras, caracterizando uma paisagem amplamente antropizada (Silva
et al., 2017). Na maioria das vezes, a composicao floristica, € dominada por espécies
como Aspidosperma pyrifolium (Pereiro), Jatropha molissima (Pinhao Bravo), Xiquexique
gounellei (Xique-Xique), e Prosopis juliflora (Algaroba) (Souza et al., 2015).

O relevo é caracterizado por superficies aplainadas a suavemente onduladas
sobre gnaisses e xistos. Inselbergs de afloramentos graniticos ocorrem abruptamente por
serem mais resistentes ao intemperismo e compdem o CIG (Souza; Xavier; Borges Neto,
2024; Xavier, 2021). Em ambientes com predominancia de granitos neoproterozoicos e
granitdides ricos em feldspato, predominam os Neossolos Litolicos (Leptosols, 34% da

area total), Neossolos Regoliticos (Regosols, 9%) e Cambissolos (Cambisols, 1%). Areas
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com gnaisses e xistos associados a colinas amplas e suaves sao frequentemente

associadas a ocorréncia dos Luvissolos (Luvisols, 22%) e Argissolos (Acrisols, 19%). Nos

vales sazonalmente alagados,

encontram-se principalmente os Planossolos (Planosols,

13%) e os Vertissolos (Vertisols, 1%) conforme Araujo Filho et al. (2023) e Santos et al.

(2011).

FIGURA 22 - LOCALIZAGAO DA AREA DE ESTUDO (ESQUERDA) E DISTRIBUIGAO DOS PERFIS
CONFORME A ALTITUDE (DIREITA).
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Esta regidao tem um histérico de ocupagao antiga que remonta aos ultimos 2 mil

anos, que se intensificou desde a colonizagédo européia no século XVIl (Souza; Souza,

2016). Atividades antrépicas como desmatamento extensivo, pecuaria e agricultura séo

as principais responsaveis por esta regido ser um dos centros mais criticos de

desertificacdo do Brasil (Souza et al., 2015; Tomasella et al., 2018).

6.1.3.2 Procedimentos metodolégicos

6.1.3.2.1 Amostragem e principais propriedades dos solos
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Foram selecionados 30 horizontes em 10 perfis de solo (Tabela 7), escavados,
descritos e classificados (Figura 22), segundo o World Reference Base Soil Classification
System (IUSS Working Group WRB, 2022) e o Sistema Brasileiro de Classificagao dos
Solos (Santos et al., 2018). Para efeito de comparagao, os perfis de solo foram divididos
em dois grupos, sendo: a) oito perfis de solo desenvolvidos em campos de inselbergs
graniticos — CIG — (P1, P2, P3, P4, P6, P12, P18 e P21); e, b) dois solos tipicos da
Caatinga (P23 e P28).

Essa selegéo buscou contrastar os distintos contextos paisagisticos analisados no
Capitulo anterior (item 5): no CIG, a maior amostragem de perfis, levou em consideracéo
os horizontes com os maiores teores de CO e que refletissem a complexidade
geomorfoldgica dessas areas, evidenciando uma série de bolsdes de solos em diferentes
posicoes topograficas, enquanto na Caatinga tipica, mesmo em menor numero, os solos
sao representativos do que é esperado para esse ambiente.

Os solos do CIG foram classificados predominantemente como Neossolos
Regoliticos (5) e Litdlico (1), seguidos pelos Cambissolos Humicos (2). Enquanto Luvisslo
Crémico (1) e Neossolo Regolitico (1) foram identificados na Caatinga tipica. Em geral,
as profundidades variaram de 20 a 125 cm (Tabela 7). Horizontes enterrados (sufixo “b”)
foram observados apenas no CIG. Independente do contexto paisagistico, a textura tem
predominancia da fragédo areia grossa, com valores percentuais médios de 52,7 + 10 para
o CIG e de 38,1 £ 10,1 para a Caatinga tipica. Por outro lado, a fragdo argila foi em média
maior no CIG (20,8 + 5,9) do que na Caatinga tipica (14,0 £ 9,3).
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Os solos variam entre extremamente acido e neutro no CIG e na Caatinga tipica
s&o basicamente neutros. Esses solos apresentam uma acidez potencial (H + Al)
média até sete vezes maior do que os solos tipicos da Caatinga (Tabela 7). O ApH é
negativo para todo o conjunto amostral. Da mesma forma, a soma de bases (SB), a
capacidade efetiva de troca catibnica (t), a capacidade de troca catidnica (T), o
carbono organico do solo (C) e o nitrogénio total (N) diminuem com o aumento da
profundidade, indicando que as propriedades quimicas do solo estdo diretamente
associadas a MOS. No CIG, o T médio é até duas vezes menor do que o t, enquanto
na Caatinga tipica sdao semelhantes. Os valores de fosforo remanescente (Prem)
abaixo de 20 mg L', no CIG, sugerem alta capacidade de adsorgdo de P em
horizontes subsuperficiais associados a um estagio avangado de intemperismo e
pedogénese. O contrario € observado na Caatinga tipica, onde os altos valores de
Prem (média de 48,87%) indicam baixa capacidade de retencao de P.

A abundéncia de cations trocaveis no complexo de troca decresceu na ordem
de Ca?* > Mg?* > K* > Na* em ambos os contextos paisagisticos (Tabela 7). Dos oito
perfis de solo no CIG, apenas dois apresentaram saturagéo de base (V) acima de 50%
(P3 e P18). Os valores mais baixos de V foram registrados nos horizontes mais
profundos, chegando até 1,4% no horizonte 3Ahb do P4. Os solos tipicos da Caatinga
séo eutroficos, com o V = 94,1% em todos os horizontes.

Nos solos do CIG, os teores totais de C e N variaram de 0,53 a 18,96% e de
0,06 e 0,87%, respectivamente (Tabela 7). A relacdo C/N desses horizontes variou de
6,13 a 21,84. No caso dos solos da Caatinga, foram observados valores médios mais
baixos de C e N na ordem de 190% e 310% do que os solos do CIG, respectivamente.
Apenas a relagao C/N dos solos tipicos da Caatinga (média 15,25) foram maiores que
as identificadas no CIG (13,56).

6.1.3.2.2 Fracionamento fisico da MOS

O fracionamento fisico da MOS foi determinado de acordo com Cambardella e
Elliott (1992). Amostras de 10 g de solo peneirado com malha de 2 mm foram
dispersas em 30 mL de solugdo de hexametafosfato de sédio (5 g L) em agitador
horizontal por 15 h, a 120 rpm e 20 °C. Apoés a agitagao, foi utilizada a peneira de 53
Mm para separar o material suspendido com o auxilio de agua deionizada. Do material

retido na peneira, obteve-se a fragdo de matéria orgénica particulada (MOP), e o que
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passou constituiu a fragdo de matéria organica associada aos minerais (MOAM).
Ambas as fracbes foram levadas para estufa a 60 °C em copos descartaveis até a
evaporagao completa da agua. Apos o processo de secagem, o material de cada
tratamento foi pesado, macerado em almofariz de agata e peneirado em malha de 100

mesh.

6.1.3.2.3 Determinagéao dos teores de C e N e assinaturas isotopicas

Os teores de C e N, assim como a assinatura isotopica de 5'3C e 8'°N de cada
fracao fisica da MOS (MOP e MOAM) foram determinados em analisador elementar
(Flash EA 2000, Thermo Fisher Scientific, Bremen, Alemanha). Também foi calculada
a média ponderada de 3'3C e 3'°N da MOS para as amostras de acordo com a massa

e assinatura de cada fracao fisica.

6.1.3.2.4 Analise da composicao bioquimica das fragdes da MOS

A composigao bioquimica das fragdes da MOS (MOP e MOAM) foi avaliada por
termoquimolise mediada por hidroxido de tetrametilaménio (HTMA) off-line, conforme
descrito em Chefetz et al. (2000) e Del Rio et al. (1998).

Amostras de 200 mg de MOP e 100 mg de MOAM foram pesadas e entdo
colocadas diretamente em frascos de vidro (vials), onde foram adicionados 200 pL de
solugdo de hidroxido de tetrametilaménio (HTMA - 25% em metanol), seguido de
evaporacao sob fluxo de N2 por 30 min a uma temperatura de 38 °C. Apds evaporacao
completa dos frascos, os mesmos, foram selados e, posteriormente, levados a um
forno mufla a 300 °C por 30 min. Apds o resfriamento a temperatura ambiente, 1 mL
de diclorometano (DCM) foi adicionado aos frascos para extragdo dos compostos,
sendo entdo agitados por 10 s em um agitador tipo Vortex. Utilizando uma seringa de
vidro e agulha, a solucao foi removida do frasco e transferida para um tubo de ensaio
de 10 mL utilizando um filtro de seringa de PTFE. A extragao foi repetida adicionando
1 mL de diclorometano ao frasco contendo as amostras mais 2 vezes.

ApoOs a extragao, 50 pyL de padrao interno (nonadecanoato de metila - 19:0)
foram adicionados aos tubos contendo os extratos de diclorometano. Os tubos de

ensaio foram secos novamente sob fluxo de N2 a 38 °C e, posteriormente, os extratos
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foram ressuspensos com 100 pL de diclorometano (trés vezes) e, entdo, transferidos
para frascos de GC para analise cromatografica.

Os produtos da termoquimélise do HTMA foram analisados por cromatografia
gasosa acoplada a um espectrédmetro de massa em um GC-MS Shimadzu QP 2010
plus equipado com uma coluna capilar RTX-5MS Crossbond 5% difenil/95% dimetil
polissiloxano (Restek, 30 cm de comprimento; 0,25 mm de diametro interno;
espessura do filme de 0,25 um). O hélio foi o gas de arraste (3,0 mL min™"), a
temperatura da fonte de ions foi ajustada para 200 °C, a temperatura da interface para
290 °C, e a temperatura do forno foi aumentada de 60° para 300 °C a uma taxa de
15 °C min~" até 150 °C e depois a uma taxa de 4° C min™" até 300 °C, com tempo de
analise inicial de 3,50 min e tempo final de 48,5 min. O espectro de massas foi obtido
com o modo de ionizagao por impacto de elétrons (70 eV). A integracao dos picos dos
compostos HTMA foi baseada na comparagao com a biblioteca espectral de massa
registrada no Nacional Institute of Standards and Technology (NIST11, NIST12,
NIST62 e WILEY?7), utilizando um indice de similaridade e o padré&o interno de 85%.

Para calcular a abundéancia relativa dos compostos, foram utilizadas as areas
dos picos identificados no espectrometro de massas correspondentes a cada amostra.
A analise da abundancia relativa dos compostos foi conduzida excluindo os grupos
siloxanos e suas respectivas areas de pico, pois sao originarios da coluna Rtx, além
do padréo interno (Silva et al., 2025).

A origem dos compostos foi classificada e categorizada conforme sua provavel
origem: a) derivados da lignina (Clifford et al., 1995; Del Rio et al., 1998); b) compostos
derivados de carboidratos (Fabbri; Helleur, 1999); c) derivados da quitina (unidade
basica das paredes celulares dos fungos e também do exoesqueleto dos insetos -
Kdgel-Knabner, 2002; Peberdy, 1990); d) derivados da cutina, cujas principais cadeias
de carbono dos ésteres e acidos carboxilicos eram de C16 e C1s (Kolattukudy, 1981);
e) derivados da suberina, correspondendo as moléculas formadas por longas cadeias
de hidroxiacidos, acidos graxos e ésteres metilicos (> C20), éster 18:1w e diésteres
(Kolattukudy, 1981); f) acidos graxos, menores que 20 atomos de C na cadeia principal
(Fatty acid < C20); g) alcanol/alcoois de cadeia longa, maiores que 20 atomos de C
(Alkanois long-chain); h) alcanol/alcoois de cadeia média com 18 e 20 atomos de C
(Alkanol C1s e C20); i) alcanol/alcoois de cadeia curta, sdo representados com 19
atomos de C ou < a 17 atomos de C (Alkanois short-chain); j) alcanos (7-14 atomos

de C); k) alcanos (15-26 atomos de C); I) alcanos (27-33 atomos impares de C); m)
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outros alcanos (alcanos de cadeia longa); n) alcenos; o) compostos marcadores de
atividade microbiana (MAM); p) outros lipidios (lipidios que ndo se encaixam em
nenhum grupo); q) proteinas; r) compostos nitrogenados, sendo as moléculas
organicas contendo fungdes nitrogenadas; s) Outros (compostos que nao se
enquadram nas categorias anteriores).

Além disso, esses compostos foram categorizados quanto a estrutura de suas
cadeias de carbono, sendo elas classificadas como: i) aliciclicas (compostos alifaticos
que apresentam anéis, saturados ou insaturados, sem a presenca de anéis
benzénicos); ii) os outros alifaticos (compostos que apresentam cadeia carbénica
aberta, contendo ou nao insaturacgéo); iii) aromaticos (compostos que apresentam pelo
menos um anel benzénico em sua composicéo estrutura, bem como aqueles também
classificados como aromaticos heterociclicos ou mononucleares, que sdo compostos

ciclicos contendo, no anel, um ou mais atomos diferentes de carbono).

6.1.3.2.5 Analise estatistica

Para identificar a correlacdo entre as variaveis empregamos a analise de
componentes principais (PCA). PCA é um método de redugao de variaveis que produz
menos variaveis artificiais e ndo correlacionadas chamadas Componentes Principais
(PCs). Os PCs séo listados em ordem decrescente de variancia explicada dos dados.
Antes da PCA, os dados analiticos eram transformados em logaritmo e padronizados
(Hinton, 2014). Todos os procedimentos foram realizados usando o software R verséo
441.

6.1.4 Resultados

6.1.4.1 Teores de C, N, sua relagdo (C/N) e assinaturas isotopicas de C e N das
fracbes de MOS

Os maiores valores de concentracdo de C e N foram observados na fracéo
MOAM, variando de 14 a 0,58% e 1,29 a 0,09%, respectivamente. Na fragdo MOP a
concentracao de C e N foi menor e os valores variaram entre 12,17 e 0,04% C e de
0,84 a 0,01% N. A concentracao de C e N nas fragdes, em geral, tendem a reduzir

com a profundidade do solo (Tabela 8).
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Os solos desenvolvidos em CIG possuem os maiores teores de C e N nas duas
fragbes de MOS (Tabela 8). No CIG, os teores de C (e N) variaram na MOAM,
respectivamente, de 14 a 1,52% (1,29 a 0,18%), e na MOP de 12,17 a 0,19% (0,84 a
0,01%), enquanto na Caatinga tipica os valores nao ultrapassaram os 3,41% de C e
0,41% de N na MOAM e 1,01% de C e 0,09% de N na MOP. Os maiores teores C e
N em ambas as fragcbes estdo preferencialmente nos horizontes superficiais e
decrescem com a profundidade do solo, exceto pelos horizontes enterrados (Tabela
8).

No que se refere a relacao C/N, a fragdo MOAM se destaca por ser menor se
comparada a fragdo MOP. Na MOAM a relagao C/N variou de 11,82 a 8,45 no CIG e
de 8,38 a 6,36 na Caatinga tipica. Na MOP os valores da relagdo C/N variaram de
20,13 a 9,07 no CIG e na Caatinga tipica variaram em torno 11,91 (Tabela 8).

As assinaturas 8'3C e 8'°N das fragbes MOP e MOAM dos solos no CIG, em
geral, indicam materiais com ciclo fotossintético Cs, sendo possivelmente a principal
fonte primaria de C e N dos solos nesses ambientes. Apenas o horizonte Ap do P21
da MOAM ficou abaixo de -20 %0, 0 que remete a provavel contribuicdo de material
com ciclo fotossintético C4 (Tabela 8). Tal fato provavelmente esta atrelado a sua
localizagdo mais afastada dos inselbergs (= 40 m), o P21 & o unico perfil de solo que
nao recebe aporte hidrico direto das encostas rochosas. Além disso, esse é o perfil
de solo mais raso (20 cm) e consequentemente com menor cobertura vegetal de todo
o conjunto de dados (Tabela 8; APENDICE C), similar ao que ocorre com os solos
tipicos da Caatinga. No caso dos solos tipicos da Caatinga, as assinaturas 3'3C e 3'°N
das fragdes MOP e MOAM, se apresentam mais enriquecidas quando comparadas
aos solos do CIG e provavelmente estdo mais associadas a materiais do ciclo

fotossintético Ca.
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Na fragdo MOP, as assinaturas isotopicas de &'3C variaram de -27,47 a -20,50%o,
com uma variagao de até 4,68%. em P28, sendo observada com o aumento da
profundidade do solo. A MOP dos horizontes superficiais dos perfis P1, P4 e P2 foram
mais depletadas em '3C com os valores de &'3C mais negativos, -27,03, -26,54 e -
26,45 %o, respectivamente (Tabela 8). Contudo, as amostras mais enriquecidas em '3C
foram os horizontes superficiais dos solos tipicos da Caatinga, P28 e P23 com &'3C de -
20,50 e -20,80%o (média -24,47 %o + 1,88), respectivamente. As assinaturas de 5'°N foram
menores na MOP se comparadas a MOAM, evidenciando uma variacdo de 4,56 a
15,14 %o. O perfil P12 apresentou a maior variagdo com o aumento da profundidade do
solo, onde os valores elevaram-se até 10,34 %.. As maiores assinaturas de &'°N foram
observadas nos horizontes superficiais dos perfis P21 (15,14 %o0) e P28 (14,67 %o),
respectivamente. O horizonte 2Ah3 do P4 foi o mais empobrecido em "N (4,56 %o).
Apenas o horizonte A do P28 com teores de N abaixo do detectavel (< 0,001 %),
impossibilitou a identificagdo da assinatura da amostra.

As assinaturas isotopicas de 3'3C da MOAM oscilaram de -26,47 a -23,61 %o, com
maior variagao dentro do perfil P4 (4,11 %.). A MOAM foi um pouco mais distinta que a
MOP em termos do padréo de deplegdo de '3C, apresentando um maior enriquecimento
de 8'3C. Assim como ocorreu na fragdo MOP, as assinaturas de '3C mais depletadas
foram dos horizontes superficiais dos perfis P1 (-26,47 %), P4 (-26,02 %.) e P2 (-
25,97 %o). Os horizontes superficiais dos perfis P21 (-18,63 %o) e P28 (-19,80 %o) foram
os mais enriquecidos 8'3C (Tabela 8). As assinaturas de &'°N apresentaram uma
oscilagao menor do que na fragdo MOP, com valores variando de 7,19 %o, no horizonte
mais empobrecido em N (Ah1 do P2) a 16,97 %o horizonte mais enriquecido em '°N
(Ah1 do P28). No geral, observou-se também que houve um pequeno enriquecimento de
13C da fragdo MOP para a MOAM, com valores de &'3C tornando-se menos negativos
(Tabela 8).

Em todo o conjunto de dados, as assinaturas isotépicas de 8'3C e 3'°N mostraram
sobreposigdes para ambas as fragdes da MOS. No entanto, os valores de 3'°N foram os
que mais variaram, indicando um maior enriquecimento de '°N, para ambas as fragdes
MOP e MOAM, com aumento da profundidade. 3'°N foi sempre maior na MOAM do que

na respectiva MOP, indicando um avango da humificagdo. Em relacédo ao 8'3C, além da
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oscilagdo nas assinaturas entre as fragdes, as vezes mais negativo, as vezes menos

negativo, apresentaram um padrao diverso em profundidade nos perfis.

6.1.4.2 Composicao bioquimica das fracbes de MOS

A andlise da composicdo bioquimica das fragbes de MOS através da
termoquimolise HTMA off-line permitiu a identificagéo de 234 compostos (APENDICE E).
A estrutura das cadeias carbdnicas dos compostos identificados nas fragbes da MOS,

em geral, indicou predominancia de compostos alifaticos (Figura 23).

FIGURA 23 - DISTRIBUICAO PERCENTUAL DAS CADEIAS CARBONICAS DAS AMOSTRAS DE
MOAM E MOP NO CONTEXTO DOS SOLOS SITUADOS NO CIG E NA CAATINGA TiPICA.
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Nas fracbes MOAM e MOP, os compostos alifaticos se apresentaram
relativamente mais abundantes no CIG (77,5% em MOAM e 67,4% em MOP) do que na
Caatinga mais tipica (67,5% em MOAM e 56,8% em MOP). No caso dos compostos
aromaticos, em ambas as fragbes, observa-se uma maior percentagem relativa na
Caatinga (30% em MOAM e 41,1% em MOP). Compostos com cadeias aliciclicas foram
mais restritos e menos abundantes em todos os contextos paisagisticos, limitados a + 3%
da abundancia relativa quando comparados aos alifaticos e aromaticos.

Em relagdo a possivel origem dos compostos organicos, a fragdo MOP apresentou
a maior diversidade de compostos (27,4%), com destaque a predominancia de
compostos nitrogenados (Nitrogened compounds e Protein), representando cerca de 34
e 45,8%, da abundancia relativa no CIG e na Caatinga tipica, respectivamente (Figura
24). Além disso, esses compostos aumentam com a profundidade. Compostos que néo
se enquadraram no sistema de classificagdo previamente estabelecido, foram agrupados
em Others e correspondem, respectivamente, a 30,1 e 27,2% da composi¢ao molecular
relativa da MOP para CIG e Caatinga tipica. O terceiro grupo de compostos mais comum
na MOP foram os alcanos (16,9% no CIG e 13,8% na Caatinga tipica).

O grupo de compostos de origem lipidica, como a suberina, cutina e os acidos
graxos (Fatty acid <C20) tendem a reduzir em profundidade e juntos compdem cerca de
15,1 e 9,4%, respectivamente, da composicdo molecular relativa do CIG e da Caatinga

tipica. Os demais grupos de compostos, somados, ndo ultrapassam os 4% (Figura 24).
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FIGURA 24 - DISTRIBUICAO PERCENTUAL DA COMPOSICAO MOLECULAR DAS AMOSTRAS DE
MOP NOS CONTEXTOS DO CIG (P1-P21) E DA CAATINGA TIiPICA (P23 E P28).
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FONTE: Elaboracao propria (2025).

A fragdo MOAM, apresentou predominancia de compostos lipidicos (CIG — 39,3%
e Caatinga — 15,4%), e compostos nitrogenados (CIG — 22,1% e Caatinga — 33,2%). Dos
compostos lipidicos, a suberina teve maior porcentagem de contribuigdo, contando com

24,3% no CIG e 4,8% na Caatinga tipica, além disso, prevaleceu nas amostras do CIG,
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sendo mais abundante nos horizontes superficiais, reduzindo conforme aumento da

profundidade (Figura 25). O contrario é observado para os compostos nitrogenados, que

semelhante ao que foi constatado na fragdo MOP, enriquecem com a profundidade,

embora em menor propor¢ao nos dois contextos paisagisticos.

FIGURA 25 - DISTRIBUICAO PERCENTUAL DA COMPOSIGCAO MOLECULAR DAS AMOSTRAS DE
MOAM NOS CONTEXTOS DO CIG (P1-P21) E DA CAATINGA TiPICA (P23 E P28).
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Compostos classificados como Others representam o terceiro grupo de maior
abundancia na fragdo MOAM (CIG - 20,3% e Caatinga - 31,5%). Este grupo é seguido
pelos alcanos que juntos representam cerca de 10,4 e 14,9% da composi¢ao molecular
no CIG e Caatinga, respectivamente. Quanto aos marcadores de atividade microbiana
(MAM), observou-se maior presencga na fragdo MOAM (CIG — 3,2% e Caatinga - 2,6%)
do que no MOP (CIG - 0,4%). O grupo MAM foi concentrado em apenas um marcador
entre os acidos graxos, sendo o Methyl stearate considerado como proxies para atividade
microbiana (Tadini et al., 2022).

6.1.4.3 PCA

Devido a grande variagdo em termos de contribuicdo das variaveis estudadas,
foram realizadas duas analises de componentes principais (PCA) para analisar o
comportamento das variaveis relacionadas a composi¢do molecular da MOS, os teores
de C e N e suas respectivas assinaturas isotépicas (Figuras 26 e 27). As PCAs indicaram
quais grupos de compostos estavam mais relacionados as demais variaveis e quais
grupos de compostos continham mais informacgdes para distinguir a qualidade da MOS
nos diferentes contextos paisagisticos do CIG e da Caatinga tipica.

A PCA da fragcdo MOP apresentou duas dimensdes principais, respondendo por
63,6% da variagao total dos dados. A Dim1 contou com 46,2% enquanto a Dim2 ficou
com 17,4% da variancia. Os compostos lipidicos do MOP, classificados como Other lipids,
suberina e cutina estdo negativamente correlacionados com a Dim1 (r= 0,90, 0,88 e 0,83,
respectivamente). Os niveis de C e N seguiram o mesmo padrao estando no mesmo
quadrante de dispersao, apresentando correlagdo negativa com o Dim1 (ambos com r =
0,82). Essa tendéncia também foi observada para os compostos derivados da lignina,
entretanto, em menor proporgao (r = 0,40). Os grupos de compostos alcanos (C1s - Cas),
Others e nitrogenados foram positivamente correlacionados com o Dim1 (r = -0,73, -0,68
e -0,67, respectivamente). Carboidratos, quitina, alcanos (Cz - C14) e a assinatura
isotopica de &'3C compdem a Dim2, e foram positivamente correlacionados (r = 0,85,
0,74, 0,74 e 0,37, respectivamente) (Figura 26).
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FIGURA 26 - ANALISE DE COMPONENTES PRINCIPAIS INDICANDO A SEPARACAO DOS GRUPOS
DE SOLOS DE ACORDO COM A COMPOSIGAO BIOQUIMICA DA MATERIA ORGANICA DO SOLO,
OS TEORES DE C E N E SUAS RESPECTIVAS ASSINATURAS ISOTOPICAS DA FRAGAO MOP. Dimf1
E Dim2: EIXO DIMENSIONAL.
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Em relacdo a MOAM, as duas dimensdes principais foram responsaveis por 69,3%
da variagao total dos dados. A Dim1 contou com 58,1%, enquanto a Dim2 apresentou
11,2% da variancia (Figura 27). Os teores de C, N e sua respectiva relagdo (C/N)
evidenciaram correlagao negativa com o Dim1 (r = 0,68, 0,62 e 0,85, respectivamente).
Os alcanos de cadeia longa seguem esse padréao e se encontram no mesmo quadrante
que C, N e C/N (r = 0,64). Os grupos de compostos lipidicos - suberina, cutina e other
lipids - também foram negativamente correlacionados com o Dim1 (r = 0,95, 0,91 e 0,83,
respectivamente), apresentando semelhanca com a PCA da fragdo MOP. O mesmo
parece ocorrer para os compostos que foram positivamente correlacionados com o Dim1,
onde, os grupos nitrogenados, others e alcanos (C1s - Cz6) representaram um r = -0,93, -
0,90 e 0,89, respectivamente. No quadrante inferior direito, os grupos de assinatura

isotopica de 8'3C, quitina e alcanos (C7 — C14) também apresentaram correlagéo positiva
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com o Dim1 (r =-0,79, -0,78 e -0,50, respectivamente). Enquanto a Dim2 é basicamente

composta pela assinatura isotopica de 8'°N e derivados de lignina (r = 0,61 e 0,52).

FIGURA 27 - ANALISE DE COMPONENTES PRINCIPAIS INDICANDO A SEPARACAO DOS
GRUPOS DE SOLOS DE ACORDO COM A COMPOSIGAO BIOQUIMICA DA MATERIA ORGANICA DO
SOLO, OS TEORES DE C E N E SUAS RESPECTIVAS ASSINATURAS ISOTOPICAS DA FRAGAO
MOAM. Dim1 E Dim2: EIXO DIMENSIONAL.
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6.1.5 Discussao
6.1.5.1 Teores de C, N e relacdo C/N nas fragcdes de MOS

Os maiores teores de C e N associados a fragdo MOAM sugerem que essa fragao
€ um reservatorio mais estavel de MOS, isso provavelmente esta atrelado a sua maior
humificagdo em relagdo a MOP, e consequentemente, a associagdo com os minerais do
solo que protegem e/ou reduzem a capacidade da comunidade microbiana em decompor
esses elementos (Lavellee et al., 2020; Manzone; Cotrufo, 2024; Yu et al., 2022). Algo
contrario ocorre na fragdo MOP, onde seus menores teores de C (12,17 - 0,04%) e N

(0,84 - 0,01%), podem ser explicados conforme sua composi¢éo, basicamente de restos
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vegetais e/ou animais pouco decompostos (mais labeis), que tendem a ser mais
susceptivel a degradagao (Leuthold et al., 2024).

A diminuigao dos teores de C e N com o aumento da profundidade dos solos,
independente do contexto paisagistico e da fragdo da MOS, podem indicar que n&o exista
uma diferenca tao significativa na atividade microbiana entre os horizontes superficiais e
subsuperficiais, além da reducdo de aporte vegetal nos horizontes superficiais.
Diferentemente do que ocorre para a maioria dos ambientes, onde o principal
impulsionador da atividade microbiana € a distribuicdo vertical de C (Gao et al., 2022;
Liang et al., 2024), concentrando-se nos horizontes superficiais, acredita-se que na
Caatinga os fatores climaticos sejam atenuadores desse padrao, e superem a redugao
progressiva de C e N em profundidade (Tabela 8). Temperaturas elevadas e consequente
reducao da disponibilidade hidrica tendem a restringir o aporte de residuos organicos e
a atividade microbiana proximo a superficie (Holanda et al., 2017; Jia et al., 2019),
induzindo as comunidades microbianas a atuarem nos horizontes mais profundos, mais
isolados das condigdes climatica estressantes em superficie (Dove et al., 2021).

Ademais, propriedades fisico-quimicas do solo como o pH e a textura podem
corroborar para essa dinamica. Sob condigdes de maior acidez, oligotrofia, como no caso
dos horizontes mais profundos em comparagao aos superficiais dos solos no CIG (Tabela
7), é possivel que os minerais e 0s nutrientes se tornem mais soluveis, favorecendo sua
disponibilidade (Adingo et al., 2021; Ferrarezi et al., 2022). Somados a isso, a
predominancia da areia grossa em sua textura favorece o fluxo de C labil e melhora a
aeracao, permitindo o desenvolvimento e manutengao das comunidades microbianas
(Xia; Rufty; Shi, 2020). Essa combinagao tende a reduzir as limitagbes do crecimento
microbiano e a inibicdo do processamento do C (Liang et al., 2024).

As excecgdes no padrao de decréscimo nos teores de C e N em profundidade,
foram observadas nos horizontes enterrados nos perfis P1, P4 e P6 situados no CIG
(Tabela 8), provavelmente associadas a dinamica sazonal de precipitacédo e erosao
caracteristicos da Caatinga e sua posi¢ao topografica mais rebaixada. Nessa regiéo, as
chuvas séo irregularmente distribuidas no tempo e no espago e tendem a ser intensas
com elevada capacidade de remocéao e transporte de sedimentos (Borges Neto et al.,

2023; Xavier, 2021). Os pulsos de precipitagao ao entrarem diretamente em contato com
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a superficie da rocha das encostas dos inselbergs, por gravidade escoam transportando
sedimentos e residuos biogénico para areas mais rebaixadas (toeslope) ou que fornegam
feicOes tipicas de acumulagao (gnammas) possibilitando o soterramento dos horizontes
até entao superficiais (Capitulo anterior, item 5). Com o soterramento, a MOS desses
horizontes passa a ser isolada da oxidacéo, resistindo por mais tempo no solo.

Teores de C e N nas fragdes de MOP e MOAM mais elevados nos solos do CIG
em relagdo aos solos da Caatinga tipica podem ser atribuidos a maior disponibilidade
hidrica nos bolsdes de solo encontrados proximos ou inseridos nas encostas rochosas
dos inselbergs. Nesses ambientes, a umidade tende a ser maior e permanecer por mais
tempo, favorecendo a ocorréncia de espécies vegetais mais sensiveis ao estresse hidrico
e pertencentes a biomas mais Umidos quando comparado a Caatinga (APENDICE B;
Capitulo anterior, item 5; Salvador et al., 2023). Neste contexto, & pertinente considerar
que a producao de residuos vegetais seja mais pronunciada, possibilitando maior aporte
de matéria-prima a MOS (Capitulos anteriores, itens 4 e 5, ex. Figura 12). No contexto
tipico da Caatinga, existe um padrdo bem delineado, onde sua exposi¢cdo a semiaridez
severa associada ao longo histérico de uso e ocupacédo degradante desta regido,
condiciona a ocorréncia de fragmentos vegetais mais esparsos e de menor porte (Souza
et al., 2015; Souza; Souza, 2016). Neste cenario, existe a tendéncia de redugdo na
entrada de residuos orgénicos para o solo, e o pouco que € aportado, ainda passa por
uma mineralizagcédo acelerada (Celaya-Michel et al., 2011; Sandras; Baldock, 2003).

No que se refere a relagao C/N, valores mais baixos encontrados na MOAM (11,82
- 8,45 no CIG e 8,38 - 6,36 na Caatinga tipica) em comparagao com a MOP (20,13 - 9,07
no CIG e < 11,91 na Caatinga tipica) sugerem que a MOAM é provavelmente composta
por material mais humificado, enriquecido em N microbiano - mais estavel (Cotrufo et al.,
2019; Kdgel-Knabner et al., 2008; Yu et al., 2022). Esse resultado se alinha com a grande
contribuicdo na abundéncia relativa de compostos nitrogenados encontrados via HTMA
GC/MS na fraggdo MOAM (Figura 25), que sera discutida com maior detalhe no tépico
seqguinte (item 6.1.5.2). Em sintese, os microrganismos assimilam C labil derivado da
MOP e liberam compostos nitrogenados, que se ligam aos minerais, dando origem a

MOAM (Cotrufo et al., 2019; Manzoni; Cotrufo, 2024). Esse processo condiciona a
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reducéo da relagdo C/N na MOAM, pois o C é perdido durante a respiragcdo microbiana

como COz2, enquanto o N é retido (Hendrickson, 1985).

6.1.5.2 Caracterizacéo bioquimica das fracées de MOS

A compreensdo sobre 0s possiveis mecanismos responsaveis pela persisténcia
do C no solo, tem despertado grande interesse recentemente, devido sua relevancia para
o entendimento do ciclo global de C (Locatelli et al., 2025; Willard et al., 2024). A detecgao
da diversidade de compostos bioquimicos nas diferentes fracbes de MOS, se torna
essencial para identificar a complexidade e maior estabilidade da MOS (Jones et al.,
2023), principalmente para o caso da Caatinga, em virtude da auséncia de
informagdes/dados disponiveis (Primo et al., 2024; Silva et al., 2025).

A comparagéao entre os dois contextos paisagisticos revela que a persisténcia da
MOS no CIG é basicamente controlada pela sinergia de trés mecanismos: i) protecéo
fisica via associagao organo-mineral, que preserva compostos alifaticos e necromassa
microbiana; ii) recalcitrancia quimica de lipidios (hidrofobicidade); e iii) ciclagem
microbiana eficiente, que converte MOP labil em MOAM estavel.

Na Caatinga tipica, a escassez hidrica e a exposi¢cao solar intensa limitam a
entrada de novos residuos e aceleram a perda de C labial (Austin; Vivanco, 2006; Costa,
2016). Dessa forma, é provavel que a MOS residual, estruturalmente mais oxidada,
apresente maior presencga de grupos carboxilicos. Esses grupos, apesar de aumentar a
reatividade da MOS, podem reduzir sua susceptibilidade a decomposi¢cao microbiana,
possibilitando a persisténcia de compostos mais recalcitrantes, como os aromaticos
(Figura 23).

A analise via HTMA/GC-MS das fragdes de MOS no CIG e na Caatinga tipica
revela uma complexa interagcdo entre a composicdo bioquimica da MO, a atividade
microbiana e as condi¢gbes pedoclimaticas. Nos solos do CIG, a predominancia na
abundancia relativa de compostos alifaticos (77,5% na MOAM e 67,4% na MOP) — como
ceras, cutina e suberina — s&o provavelmente derivados de tecidos vegetais frescos e
raizes (Figuras 24 e 25). Esses compostos, sao fundamentais para a estabilizagdo da

MOS em solos com reduzidos teores de argila (Andreetta et al., 2013), devido a sua
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natureza hidrofdbica e recalcitrancia quimica. Esses lipidios estruturais (ex. suberina e
cutina), comuns em plantas vasculares, funcionalmente atuam como barreiras para evitar
a perda de agua e resistem a decomposi¢do devido sua complexidade molecular,
incluindo cadeias alifaticas entrelagadas e grupos ésteres hidrofobicos (Andreetta et al.,
2013), que limitam o acesso de enzimas hidroliticos (Oliveira et al., 2006). Além disso,
como exemplo, a suberina que representou 24,3% da abundancia relativa dos lipidios na
MOAM do CIG, também pode ser preservada pelo encapsulamento em agregados
estaveis (Dignac et al., 2017).

Estudos em solos sob florestas mediterraneas, com teores de argila (< 5,8%), C (<
104,7 mg g') e N (< 6,3 mg g') relativamente similares aos deste estudo (Tabela 8),
demonstram que grupos de compostos lipidicos (ex. cutina e suberina), mesmo sem
protecéo e/ou associagao aos minerais do solo, foram preservados preferencialmente em
relacao a outros grupos de compostos organicos, como a lignina, muito por conta da sua
resisténcia termodinamica e hidrofobicidade (Andreetta et al., 2013).

Entretanto, sob condi¢gdes mais umidas, como na floresta tropical de montanha dos
Andes no sul do Equador, o papel da fase mineral na estabilizagdo da MOS ganha maior
destaque em relagao a recalcitrancia quimica (Hamer et al., 2012). Solos sob diferentes
usos apresentaram teores de C e argila na ordem de 87,4 e 217 g kg~' em floresta tropical,
de 93,4 e 337 g kg' em pastagem (20 anos), e de 81,1 e 288 g kg' em pastagem
abandonada, respectivamente, superiores aos desta pesquisa (Tabela 8), e foi sugerido
que a estabilidade de alguns mondmeros alifaticos da fracdo lipidica (suberina e cutina)
foram identificadas apdés a mudanca do uso da terra de floresta para pastagem,
concomitantemente com a baixa estabilidade dos mesmos mondémeros apés o abandono
da pastagem (Hamer et al., 2012). Nesse contexto apresentado por Hamer et al. (2012),
elevadas temperaturas associadas a maior disponibilidade de umidade favorecem a
atividade microbiana, e consequentemente reduzem a importancia da recalcitrancia
quimica na protecdo da MOS ao longo das interferéncias antropicas. Entdo, a
persisténcia da MOS tende a seguir outros caminhos, como o da interagdo organo-
mineral mediada pela adsor¢cdo em argilominerais ou a formagdo de complexos com
AR*/Fe3* (Carvalho et al., 2023; Hanke; Dick, 2020; Six et al., 2022).
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Para o caso da Caatinga tipica, a menor abundancia relativa de compostos
alifaticos (MOAM - 67,5% e MOP - 56,8%) em relagdo aos compostos aromaticos (MOAM
- 30% e MOP - 41,1%), sugerem um cenario de MOS mais estavel estruturalmente, pois
a exposicao prolongada a radiagao solar e a escassez hidrica promovem a oxidagao de
compostos labeis (Almagro et al., 2017; Austin; Vivanco, 2006). Aromaticidade
relativamente mais elevada, frequentemente associada a polimeros condensados
derivados da lignina ou a subprodutos da pirdlise de biomassa (efeito antrépico), indica
uma maior estabilidade termodinamica da MOS (Cotrufo et al., 2019). Esse padrao
parece ser recorrente em ecossistemas secos, onde a degradacgao fisica (ex. erosao) e
quimica (ex. fotodegradagéo) superam os mecanismos de protegao biolégica, resultando
em perdas progressivas de C organico (Austin; Vivanco, 2006; Hussain et al., 2023; Silva
et al., 2023).

A abundancia relativa de compostos nitrogenados na MOP em ambos os contextos
paisagisticos (CIG - 34% e Caatinga tipica - 45,8%) evidenciam a importancia da
ciclagem microbiana na dindmica da MOS. Na Caatinga tipica, sua maior proporgéo esta
ligada a estratégias de conservagdo de N em solos pobres neste elemento, onde
microrganismos imobilizam N em biomassa ou enzimas extracelulares, formando
complexos organicos que resistem a mineralizagdo imediata (Austin, 2011; Austin;
Vivanco, 2006). O aumento desses compostos com a profundidade, tanto na MOP quanto
na MOAM, indica um transporte vertical de compostos com N em sua estrutura
parcialmente decomposta, possivelmente mediado pela fauna do solo ou lixiviagdo
limitada. Na MOAM, os compostos nitrogenados (CIG - 22,1%; Caatinga - 33,2%) sao
provavelmente derivados de necromassa microbiana, um reservatorio importante de N
em solos tropicais onde a fixagao bioldgica é esporadica (Albuquerque et al., 2025; Kogel-
Knabner et al., 2008; Yu et al., 2022). Esse achado sugere que os compostos portadores
de N presentes na MOAM podem se originar de atividades microbianas que requerem N,
ligando assim a capacidade dos solos de armazenar C a disponibilidade de N (Cotrufo et
al., 2019; Primo et al., 2024).

Os marcadores de atividade microbiana (MAM), como o Methyl stearate, sdo mais
abundantes na MOAM (CIG - 3,2% e Caatinga - 2,6%) do que na MOP (CIG - 0,4%),

evidenciando que a biomassa microbiana morta € um componente fundamental da MOS
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estavel (Cotrufo et al., 2019; Lavellee et al., 2020; Manzone; Cotrufo, 2024).
Microrganismos contribuem para a MOAM através de subprodutos metabdlicos (ex.
exopolissacarideos) e necromassa, que se adsorvem a minerais ou sdo encapsulados
em microagregados (Dignac et al., 2017; Liang et al., 2019). E provavel que no CIG, a
maior umidade do solo favoreca a atividade microbiana, permitindo que esses compostos
se acumulem (Liang et al., 2017), enquanto na Caatinga tipica, a semiaridez dificulta a
producao de biomassa, reduzindo sua contribuicao relativa (Silva et al., 2024).

A abundancia relativamente alta de grupos de compostos alifaticos e necromassa
microbiana (compostos nitrogenados) também sugere que a MOS pode ser estabilizada
via associagdao organo-mineral (Heckman et al., 2018). Mesmo com solos
predominantemente arenosos (média da fragdo areia grossa somada a areia fina =
66,2%), teores médios de argila de 20,8% foram observados nos solos do CIG (Tabela
8). Neste contexto, € muito provavel que a superficie das argilas promova o acumulo de
C e N derivados de atividade microbiana, pois fornecem mais sitios de ligagao para os
compostos organicos (Rempfert et al., 2024; Wang et al., 2024; Yang et al., 2025). Além
disso, a menor relacdo C/N observada na fragdo MOAM (média de 10,12) se assemelha
a observada na biomassa microbiana (Fang et al., 2022).

Esses achados tém implicagdes diretas para o manejo sustentavel em cenarios de
mudancas climaticas. O aumento da temperatura e a redugéo de chuvas projetadas para
o semiarido podem exacerbar a degradacao da MOS na Caatinga, acelerando perdas de
C e reduzindo sua resiliéncia (Borah; Parmar, 2024; IPCC, 2013; Macedo et al., 2023).
Em relagdo ao CIG, a manutencao da vegetagao nativa é indispensavel para preservar
0s mecanismos de protegao fisico-quimicos e garantir a continuidade do aporte de
residuos alifaticos e hidrofobicos. Portanto, a MOS em ambientes semiaridos nao pode
ser considerada apenas um reservatorio de C, mas um termémetro da saude do
ecossistema, pois em um cenario de mudancas climaticas, onde a aridez tende a
aumentar, a compreensao desses mecanismos alternativos que contribuem para sua
persisténcia se torna indispensavel para elaboragao de estratégias efetivas de sequestro

de C nesses solos (Lourenco et al., 2022; Qiu et al., 2023).
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6.5.1.3 Assinaturas isotopicas de 3'3C e 3'°N das fragdes de MOS

A assinaturas de 8'3C variando entre -27,47 e -20,50%0 na MOP dos solos no CIG,
confirmam a dominancia de plantas Cs, adaptadas a condigdes microclimaticas em
bolsdes de solo, proximas ou inseridas nas encostas rochosas (Capitulo anterior, item 5),
menos estressante que as observadas na Caatinga tipica (Tabela 8). O enriquecimento
de 8"3C com a profundidade (ex. + 4,68%. no P28) na MOP reflete a decomposigao
preferencial de '>C por microrganismos, deixando a MOS residual enriquecida em '3C
(Liang et al., 2017). Em relagdo a MOAM, a variagao de 8'3C (-26,47 a -23,61%o) n&o se
diferem tanto em relagcdo a MOP, indicando que ambas as fragcdes compartilham fontes
e/ou processos de transformagao semelhantes (Haddix et al., 2016). No caso da MOAM,
€ possivel que a estabilizacdo esteja atrelada a capacidade de associagdo com os
minerais do solo, minimizando a decomposi¢cido adicional, e com isso preserva a
assinatura isotopica por periodos mais longos (Kleber et al., 2015; Lugato et al., 2021).

A presenca de 3'3C enriquecido (-18,63%o) no perfil P21 na fragdo MOAM, indica
uma transicéo para vegetagdo Cs, caracteristica de ambientes secos. A auséncia de
aporte hidrico direto das encostas rochosas neste perfil (= 40 m de distancia) e sua menor
profundidade (20 cm), favorecem a colonizagao de espécies C4, cuja o aporte de residuos
organicos sao menores e mais resistentes a decomposicdo, evidenciando certa
semelhanga com o contexto tipico da Caatinga.

O empobrecimento de &'°N no horizonte 2Ah3 do P4 (4,56%0) na fragdo MOP,
pode indicar fixagao biolégica de N2 por bactérias associadas a leguminosas (Fabaceae),
como Enterolobium contortisiliquum, Erythrina velutina e Senna martiana identificadas no
local (APENDICE B). Esse processo & recorrente em solos jovens com baixa
disponibilidade de N inorganico (Houlton et al., 2008). Cabe ressaltar que a
impossibilidade de medir 8'N no horizonte A do P28 (N < 0,001%) reflete a extrema
pobreza em N, tipica de solos de ambientes quentes e secos, onde a MOS reduzida,
dificulta a dindmica dos processos biogeoquimicos (Austin, 2011; Menezes et al., 2012).

A sobreposigao de 5'3C e 8'°N entre MOP e MOAM sugere que ambas as fragdes
compartilham fontes primarias oriundas de vegetagcado com ciclo fotossintético do tipo Cs,

entretanto diferem conforme estagios de decomposigéo. A maior variabilidade de 3'°N na



175

MOP ressalta sua natureza labil, sujeita a ciclos mais rapidos de mineralizagao-
imobilizagcao, enquanto a MOAM com valores sempre mais elevados (Tabela 8), indica
uma MOS mais trabalhada e humificada, ou seja, um pool mais estavel (Lavellee et al.,
2020; Manzone; Cotrufo, 2024). Além disso, na MOAM, o N também pode ser protegido
em complexos organo-minerais, elevando ainda mais a importancia a sua persisténcia
(Kleber et al., 2015).

6.1.6 Consideracdes Finais

Mecanismos distintos que contribuem para a persisténcia da MOS foram
observados entre os solos do CIG e os tipicos da Caatinga. No CIG, a prote¢gao da MOS
parece estar associada a sinergia de mecanismos de protegdo via associagdo organo-
mineral, hidrofobicidade e eficiéncia microbiana na ciclagem que converte o MOP mais
labil em MOAM relativamente mais estavel. Enquanto nos solos tipicos da Caatinga, a
persisténcia da MOS, provavelmente é derivada da maior oxidacdo e aromaticidade de
sua composicao molecular. Esses mecanismos divergem dos observados em outros
ecossistemas secos, pois a prote¢ao dos minerais e a recalcitrancia quimica sdo menos
proeminentes em solos arenosos, além da menor eficiéncia da ciclagem microbiana
frequentemente relatada em ambientes sob condi¢cdes de estresse hidrico extremo.

A hipétese inicial de que a qualidade da MOS seria o principal mecanismo para
sua persisténcia foi parcialmente atendida. Contudo, ressalta-se que na Caatinga tipica,
a degradacgao fisica e quimica supera os mecanismos bioldgicos de prote¢cao da MOS.
Alerta-se para a necessidade de preservar a cobertura vegetal nativa, devido sua
capacidade em aportar residuos organicos alifaticos e hidrofébicos nos solos do CIG,
enquanto na Caatinga tipica, praticas agricolas conservacionistas precisam levar em
conta a dinamica erosiva, para mitigar as perdas de C. A dominancia de espécies C3 no
CIG e a transicdo para C4 em dareas mais secas sugerem adaptacbes vegetais a
condicbes microclimaticas nos bolsbes de solos dos inselbergs, relevantes para
manutenc¢ao de refugios, uteis para estudos de reconstrugdo paleoambiental. Estoques

de C na fragdo MOAM nos solos do CIG representam um reservatério resiliente sob a
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proxies das mudangas climaticas, mas a MOS oxidada das areas de Caatinga tipica
urgem por estratégias eficientes no sequestro de C.

Estudos futuros devem se concentrar em entender melhor a heterogeneidade
topografica que rege o ciclo da agua, fator mais limitante desse ecossistema, e uma
caraterizacdo mais detalhada da atividade microbiana de enzimas associadas a
decomposic¢ao, ajudariam a melhorar a compreensao dos processos responsaveis pela
formacédo da fragdo MOAM. Além disso, seria importante a integragdo de dados
mineralégicos mais detalhados (ex. espectroscopia de raios-X) para auxiliar no

entendimento das interagbes organo-minerais.
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7. CONSIDERAGOES GERAIS

A presente tese demonstrou a relevancia dos inselbergs na compreensado dos
processos pedogenéticos responsaveis pela formacao de solos atipicos na Caatinga,
validando a hipétese inicialmente proposta.

A reviséo da literatura indicou que os inselbergs constituem o tipo de afloramento
rochoso mais recorrente nos estudos analisados, sendo frequentemente descritos como
refugios ecoldgicos por abrigarem bolsdes de solo capazes de sustentar biodiversidade
especializada em ambientes de clima quente e seco, apesar da escassez de
investigagdes voltadas a pedogénese nesses contextos.

O arranjo topografico complexo dos inselbergs favorece a constituicdo e
manutencao de bolsdes de solo, onde a retencdo de umidade, o acumulo de sedimentos
e residuos organicos e a protegao contra os processos erosivos favorecem a formagao
de solos, com processos pedogenéticos caracteristicos de ambientes mais umidos, como
a melanizagdo, gleizacdo e ocorréncia de feigdes redoximorficas. Além disso, s&o
distroficos, acidos e ricos em CO, contrastando com os solos rasos, eutréficos, mais
incipientes e com baixos teores de CO da Caatinga tipica. A vegetacao nativa, adaptada
a nichos de maior umidade, contribui a ciclagem de nutrientes e na persisténcia da MOS,
reforcando a importancia da preservacao desses ecossistemas.

Os mecanismos de persisténcia da MOS divergiram entre o Campo de Inselbergs
Graniticos (CIG) e a Caatinga tipica. No CIG, a estabilizagdo ocorreu por associagdes
organo-minerais e eficiéncia microbiana na conversdo de fragdes labeis (POM) em
formas mais estaveis (MAOM). Na Caatinga, a aridez acelera a oxidagao, resultando em
MOS aromaticamente estruturada, porém vulneravel a degradacgao fisica e quimica. Tais
evidéncias sugerem que a perda da cobertura vegetal nativa no CIG ameacaria seu papel
como reservatorio de C, enquanto no contexto da Caatinga tipica, praticas agricolas
inadequadas tendem a intensificar a desertificagdo, reforcando a necessidade de
estratégias de manejo adaptadas as dinéamicas locais.

Em relacdo a conservacédo, recomenda-se priorizar a prote¢cdo dos inselbergs
como hotspots de biodiversidade e estoques de C resilientes, além de integrar seu estudo

a politicas de mitigacdo das mudancgas climaticas. Futuras pesquisas devem explorar a
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heterogeneidade topografica na regulacao hidrica, a atividade enzimatica microbiana e a
mineralogia dos solos, reduzindo lacunas sobre o papel da Caatinga no ciclo global de
C.

Esta tese reforca a ideia de que os inselbergs podem servir como laboratérios
naturais para compreentender a resiliéncia de ecossistemas em ambientes secos,
demandando abordagens interdisciplinares que integrem conhecimentos da climatologia,

ecologia, geomorfologia e pedologia, em prol da sustentabilidade do semiarido.
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APENDICE E - LISTA DE COMPOSTOS ORGANICOS CONFORME SUA FORMULA
MOLECULAR E SUA RESPECTIVA CADEIA CARBONICA NAS FRAGOES MOP E

MOAM.

Compostos organicos Formula Cadeia Fracao da MOS
molecular carbénica

Lignina (Lignin)
2-Propenoic acid, 3-(3,4-dimethoxyphenyl)-, methyl ester C12H1404 Aromatica POM
2-Propenoic acid, 3-(4-methoxyphenyl)-, methyl ester, (E)- C11H1203 Aromatica POM - MOAM
Benzaldehyde, 3,4,5-trimethoxy- C10H1204 Aromatica MOP
Benzeneacetic acid, 3,4-dimethoxy-, methyl ester C11H1404 Aromatica MOP
Benzoic acid, 3,4,5-trimethoxy-, methyl ester C11H140s Aromatica MOP - MOAM
Benzoic acid, 3,4-dimethoxy-, methyl ester C10H1204 Aromatica MOP - MOAM
Ethanone, 1-(3,4-dimethoxyphenyl)- C10H1203 Aromatica MOP - MOAM
Phenol, 2,4-bis(1,1-dimethylethyl)- C14H220 Aromatica MOP - MOAM
Carboidrato (Carbohydrate)
1,4-Dioxaspiro[2.4]heptan-5-one, 7,7-dimethyl- C7H1003 Aliciclica MOAM
1-Hexadecanol C16H340 Alifatica MOP - MOAM
Quitina (Chitin)
Hexadecane CieHsa Alifatica MOP - MOAM
Cutina (Cutin)
9-Octadecenoic acid, methyl ester C19H3602 Alifatica MOP
9-Octadecenoic acid, methyl ester, (E)- Ci19H3602 Alifatica MOP - MOAM
Hexadecanedioic acid, dimethyl ester C18H3404 Alifatica MOP - MOAM
Octadecanoic acid, 2-methylpropyl ester C22H4402 Alifatica MOP
Octadecanoic acid, butyl ester C22H4402 Alifatica MOP
Tetracosanoic acid, methyl ester C25H5002 Alifatica MOP - MOAM
Suberina (Suberin)
13-Docosenoic acid, methyl ester, (Z)- C23H4402 Alifatica MOP - MOAM
1-Docosanol, methyl ether C23H480 Alifatica MOP - MOAM
1-Eicosanol C20H420 Alifatica MOP - MOAM
22-Tricosenoic acid C23H4402 Alifatica MOP - MOAM
Docosanedioic acid, dimethyl ester C24H4604 Alifatica MOP - MOAM
Docosanoic acid, methyl ester C23H1602 Alifatica MOP - MOAM
Eicosanoic acid, methyl ester C21H4202 Alifatica MOP - MOAM
Heneicosanoic acid, methyl ester C22H4402 Alifatica MOP
Heptacosanoic acid, methyl ester C2sHs602 Alifatica MOP
Hexacosanoic acid, methyl ester C27H5402 Alifatica MOP - MOAM
Nonanedioic acid, dimethyl ester C11H2004 Alifatica MOP - MOAM
Octadecanedioic acid, dimethyl ester C20H3804 Alifatica MOP - MOAM
Oleic Acid C18H3402 Alifatica MOP - MOAM
Triacontanedioic acid, dimethyl ester C15H2804 Alifatica MOP - MOAM
Triacontanoic acid, methyl ester C31H6202 Alifatica MOP - MOAM

Continue
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Continuation

Compostos organicos Formula Cadeia Fracao da MOS
molecular carboénica

Acido graxo <Cz (Fatty acid <Cz0)

10,13-Octadecadienoic acid, methyl ester C19H3402 Alifatica MOAM
10-Nonadecenoic acid, methyl ester C20H3802 Alifatica MOAM
11-Octadecenoic acid, methyl ester C19H3602 Alifatica MOP - MOAM
14-Pentadecynoic acid, methyl ester C17H3402 Alifatica MOP
17-Octadecenoic acid, methyl ester C19H3602 Alifatica MOAM
17-Octadecynoic acid, methyl ester C19H3402 Alifatica MOP
6-Octadecenoic acid, (Z2)- C18H3402 Alifatica MOP
7,10-Hexadecadienoic acid, methyl ester C17H3002 Alifatica MOP
7-Hexadecenoic acid, methyl ester, (Z)- C17H3202 Alifatica MOP
9,12-Octadecadienoic acid (Z,Z)-, methyl ester C19H3402 Alifatica MOP - MOAM
9,12-Octadecadienoic acid, methyl ester C19H3402 Alifatica MOAM
9,12-Octadecadienoic acid, methyl ester, (E,E)- C19H3403 Alifatica MOP - MOAM
9-Octadecenoic acid C18H3402 Alifatica MOP
9-Octadecenoic acid (Z)-, methyl ester C19H3602 Alifatica MOP
cis-10-Heptadecenoic acid C17H3202 Alifatica MOP
cis-11-Eicosenoic acid C20H3s02 Alifatica MOAM
cis-Vaccenic acid C1gH3402 Alifatica MOP
Cyclopentanetridecanoic acid, methyl ester C19H3602 Alifatica MOP
Hexadecadienoic acid, methyl ester C17H3002 Alifatica MOAM
Hexadecanoic acid, butyl ester C20H4002 Alifatica MOP
Hexadecanoic acid, methyl ester C17H3402 Alifatica MOP - MOAM
Methyl 18-methylnonadecanoate C21H4202 Alifatica MOAM
n-Hexadecanoic acid Ci16H3202 Alifatica MOP - MOAM
Octadecanoic acid C18H3602 Alifatica MOP - MOAM
Pentanoic acid, 2,2,4-trimethyl-3-carboxyisopropyl, isobutyl C16H3004 Alifatica MOP

ester

Tetradecanoic acid C14H2802 Alifatica MOP
Alcanol/alcoois de cadeia longa (Alkanois long-chain)

1,30-Triacontanediol Cs0H6202 Alifatica MOP - MOAM
1-Docosanol C22H460 Alifatica MOP - MOAM
1-Heneicosanol C21H440 Alifatica MOP - MOAM
1-Hentetracontanol C41Hs4O Alifatica MOP
1-Heptacosanol C27Hs60 Alifatica MOP - MOAM
1-Heptadecanol C27Hs60 Alifatica MOAM
1-Triacontanol CsoHe20 Alifatica MOP
n-Tetracosanol-1 C24Hs500 Alifatica MOAM
Octacosanol C2sHss0 Alifatica MOP - MOAM
Alcanol/alcoois de cadeia média C1s e C20 (Alkanol C1s e C2)

1-Dodecanol, 2-hexyl- C1gH3s0 Alifatica MOP
1-Dodecanol, 2-octyl- C20H420 Alifatica MOP

Continue
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Continuation

Compostos organicos Formula Cadeia Fracao da MOS
molecular carboénica
1-Octadecanol C18H3s0 Alifatica MOP
Ethanol, 2-(octadecyloxy)- C20H4202 Alifatica MOAM
Ethanol, 2-(tetradecyloxy)- C20H4202 Alifatica MOP - MOAM
Alcanol/dlcoois de cadeia curta (Alkanois short-chain)
1-Decanol, 2-hexyl- C16H340 Alifatica MOP
1-Heptadecanol C17H360 Alifatica MOP - MOAM
1-Nonadecanol C19H400 Alifatica MOP - MOAM
4-Tetradecanol C14H300 Alifatica MOP - MOAM
6,9-Octadecadienoic acid, methyl ester C19H3402 Alifatica MOAM
Cyclobutanol, 1-butyl- CsH160 Aliciclica MOAM
Oleyl alcohol, methyl ether C19H380 Alifatica MOP - MOAM
Alcanos C7- C14 (Alkanes C7- C14)
Decane, 2,2,5-trimethyl- Ci3Hzs Alifatica MOP - MOAM
Decane, 2,2,6-trimethyl- Ci3Hzs Alifatica MOAM
Decane, 2,2,7-trimethyl- C13Hzs Alifatica MOP - MOAM
Decane, 2,2,8-trimethyl- Ci3Hzs Alifatica MOP - MOAM
Decane, 2,3,4-trimethyl- C13Hzs Alifatica MOP - MOAM
Decane, 2,3,8-trimethyl- C13Hzs Alifatica MOP
Dodecane, 2-methyl- Ci3Hzs Alifatica MOP
Dodecane, 4,6-dimethyl- C14H30 Alifatica MOP
Nonane, 2,2,3-trimethyl- C12H26 Alifatica MOP - MOAM
Nonane, 2-methyl-5-propyl- Ci3Hzs Alifatica MOP
Nonane, 5-(2-methylpropyl)- Ci3Hzs Alifatica MOP - MOAM
Tetradecane C1aHa3o Alifatica MOP - MOAM
Tridecane CisHas Alifatica MOAM
Undecane, 2,2-dimethyl- Ci3Hzs Alifatica MOP - MOAM
Alcanos C15- C26 (Alkanes C15- C26)
10-Heneicosene (c,t) Ca1Haz Alifatica MOP
1-Cyclopentyleicosane CasHso Aliciclica MOP
2,2-Dimethyleicosane C22Ha46 Aliciclica MOP - MOAM
2,2-Dimethyloctadecane C20Ha2 Aliciclica MOP - MOAM
2-methyltetracosane CasHs2 Alifatica MOP - MOAM
5,5-Diethylheptadecane C21Has Alifatica MOP
9-methylheptadecane CisHas Alifatica MOP
Cyclopentane, heneicosyl- CasHs2 Alifatica MOP
Cyclopentane, undecyl- CieHa2 Alifatica MOP
Docosane C22Ha46 Alifatica MOP - MOAM
Dodecane, 2,2,11,11-tetramethyl- C1sHaa Alifatica MOP
Eicosane CooHa42 Alifatica MOP - MOAM
Heneicosane C21Ha4 Alifatica MOP - MOAM
Heptadecane C17Hz6 Alifatica MOP - MOAM
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Continuation

Compostos organicos Formula Cadeia Fracao da MOS
molecular carboénica
Heptadecane, 2-methyl- C1gHas Alifatica MOP - MOAM
Hexacosane CaeHs4 Alifatica MOP - MOAM
Hexadecane, 2,6,10,14-tetramethyl- C20Ha2 Alifatica MOP - MOAM
Nonadecane Ci9Ha0 Alifatica MOP - MOAM
Octadecane CisHas Alifatica MOP - MOAM
Pentacosane CosHs2 Alifatica MOP - MOAM
Pentadecane CisHs2 Alifatica MOP - MOAM
Pentadecane, 2,6,10,14-tetramethyl- Ci9Ha40 Alifatica MOP
Pentadecane, 3-methyl- C1sHa3a Alifatica MOP
Pentadecane, 8-hexyl- C21Has Alifatica MOP
Tetracosane C24Hs0 Alifatica MOP - MOAM
Tetradecane, 2,2-dimethyl- C16Haa Alifatica MOP - MOAM
Tetradecane, 4-methyl- C1sHa2 Alifatica MOP - MOAM
Tricosane Ca3Ha4s Alifatica MOP - MOAM
Alcanos impares Caz7 - C33 (Alkanes odd Ca7 - C33)
2-methylhexacosane CarHss Alifatica MOP - MOAM
2-methyloctacosane C29He0 Alifatica MOP - MOAM
Hentriacontane Cs1Hes Alifatica MOP
Heptacosane CorHsse Alifatica MOP
Nonacosane C29He0 Alifatica MOP - MOAM
Octacosane CosHss Alifatica MOP - MOAM
Tritriacontane CssHes Alifatica MOP - MOAM
Outros alcanos (Other alkanes)
Dotriacontane Cs2Hes Alifatica MOP
Hexatriacontane CaeH74 Alifatica MOP - MOAM
Pentatriacontane CasH72 Alifatica MOP - MOAM
Tetracontane CaoHs2 Alifatica MOAM
Tetrapentacontane CsaH110 Alifatica MOP - MOAM
Tetratetracontane Ca4Hoo Alifatica MOP - MOAM
Tetratriacontane CaaH7o Alifatica MOP - MOAM
Tritetracontane CasHss Alifatica MOP
Alcenos (Alkenes)
1-Heptadecene Ci7Ha4 Alifatica MOP
1-Nonadecene Ci19Has Alifatica MOP - MOAM
1-Octadecene CisHas Alifatica MOAM
1-Pentadecene CisHso Alifatica MOP
Z-5-Nonadecene Ci19Has Alifatica MOAM
MAM
Methyl stearate Ci19H3802 Alifatica MOP - MOAM
Outros lipidios (Other lipids)
(E)-13-Docosenoic acid C22H4202 Alifatica MOAM
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Continuation

Compostos organicos Formula Cadeia Fracao da MOS
molecular carbonica
11,14-Eicosadienoic acid, methyl ester C21H3802 Alifatica MOP - MOAM
13-Tetradecen-1-ol acetate C16H3002 Alifatica MOAM
1-Octadecanol, methyl ether C19H400 Alifatica MOAM
2,3,7-Trimethyloctanal C11H220 Alifatica MOP
2-Tridecenal C13H240 Alifatica MOAM
2-Tridecenal, (E)- C13H240 Alifatica MOAM
D-Friedoolean-14-en-3-one C30H180 Alifatica MOP - MOAM
Dodecanal C12H240 Alifatica MOAM
Eicosanebioic acid, dimethyl ester C22H4204 Alifatica MOAM
Hexadecanal C16H320 Alifatica MOAM
Octacosanoic acid, methyl ester Co9Hs5802 Alifatica MOP - MOAM
Stigmast-4-en-3-one C29H480 Aromatica MOP
Stigmasta-5,22-diene, 3-methoxy-, (3.beta.,22E)- C30Hs500 Aromatica MOP
Tricosanoic acid, 2-methoxy-, methyl ester C25H5003 Alifatica MOP
Tricosanoic acid, methyl ester C24H4802 Alifatica MOP - MOAM
Proteinas (Proteins)
1H-Isoindole-1,3(2H)-dione, 2-methyl- CoH7NO2 Aromatica MOAM
1H-Purin-6-amine, [(2-fluorophenyl)methyl]- C12H10FNs Aromatica MOP - MOAM
Adenine, N,N,N'-trimethyl CsH1aN2 Alifatica MOAM
Compostos nitrogenados (Nitrogened compounds)
1,3,5-Triazine-2,4,6(1H,3H,5H)-trione, 1,3,5-trimethyl- CsH9oN3O3 Aromatica MOAM
1,4-Benzenediamine, N-(1-methylethyl)-N'-phenyl- CisH1sN2 Aromética MOP - MOAM
13-Docosenamide, (Z)- C22H43NO Alifatica MOP - MOAM
1-Dodecanamine, N,N-dimethyl- C14H31N Aliciclica MOP - MOAM
1-Methyldecylamine C11H2sN Alifatica MOAM
1-Tetradecanamine, N,N-dimethyl- C16H3sN Alifatica MOAM
1-Undecanamine, N,N-dimethyl- C13H2oN Alifatica MOAM
2-Hexanamine, 4-methyl- C7Hu7N Alifatica MOAM
2-Pentanamine, 2,4,4-trimethyl- CsH1oN Alifatica MOP - MOAM
2-Pyrrolidone-5-carboxylic acid, N-methyl, methyl ester C7H11NOs Aliciclica MOP - MOAM
5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo[1,2-a:1',2'-  C14H22N202 Aliciclica MOP
d]pyrazine
9-Octadecenamide, (Z)- C1sH3sNO Alifatica MOP - MOAM
Caffeine CsH10N4O2 Aromatica MOAM
Dibenzylamine C14H1sN Aromatica MOP - MOAM
Dimethyl palmitamine C1sHsoN Alifatica MOAM
DL-Proline, 5-oxo-, methyl ester CeHoNO3 Alifatica MOAM
Dodecanamide C12H2sNO Alifatica MOP - MOAM
Hexadecanamide C16H3asNO Alifatica MOP - MOAM
L-Proline, 1-methyl-5-oxo-, methyl ester C7H11NOs3 Alifatica MOAM
N,N-Dimethylpalmitamide C1gH3z7N Alifatica MOP - MOAM
N-Dodecylmethylamine Ci3H2oN Alifatica MOP - MOAM
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Continuation

Compostos organicos Formula Cadeia Fracao da MOS
molecular carboénica
Nonadecanamide C19H39sNO Alifatica MOAM
Octadecanamide Ci1sHa7NO Alifatica MOP - MOAM
Octanamide, N,N-dimethyl- C1oH21NO Alifatica MOP
Oleanitrile Ci1sHasN Alifatica MOP - MOAM
Piperidine, 1,1'-methylenebis- C11H22N2 Aliciclica MOAM
Stearyltrimethylammonium chloride C21H46CIN Alifatica MOAM
Tetradecanamide C14H20NO Alifatica MOP - MOAM
Outros (Others)
1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester C16H2204 Aromatica MOP - MOAM
1,2-Benzenedicarboxylic acid, diisononyl ester Co6H4204 Aromatica MOP
1,2-Benzenedicarboxylic acid, dinonyl ester Co6H4204 Aromatica MOP
1,2-Oxathiane, 6-dodecyl-, 2,2-dioxide C16H3203S Aliciclica MOP
13-Oxabicyclo[10.1.0]tridecane C12H220 Aliciclica MOAM
2(3H)-Furanone, dihydro-5-tetradecyl- C18H3402 Aliciclica MOAM
2,2,4-Trimethyl-1,3-pentanediol diisobutyrate C16H3004 Aliciclica MOP
2' 4'-Dimethoxyacetophenone C10H1203 Aromatica MOAM
2,6-Di-tert-butyl-4-methylene-2,5-cyclohexadienone C15H220 Alifatica MOP
2-Dodecenal C12H220 Alifatica MOP
3,3-Dimethyl-dihydro-furan-2,5-dione or 2,2- CsHsOs3 Aliciclica MOP - MOAM
Dimethylsuccinic anhydride
7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione C17H2403 Aliciclica MOP
7-Hexadecenal, (Z)- C16H300 Alifatica MOAM
9-Octadecen-1-ol, (Z)- C1sH360 Alifatica MOAM
9-octadecenoic acid, 2,2,2-trifluoroethyl ester Ca20H35F302 Alifatica MOP - MOAM
Benzenepropanoic acid, 3,5-bis(1,1-dimethylethyl)-4- C18H2803 Aromatica MOP - MOAM
hydroxy-, octadecyl ester
Bis(2-ethylhexyl) phthalate C24H3804 Aromatica MOP - MOAM
Cyclopentadecanone, 2-hydroxy- C15H2802 Alifatica MOP - MOAM
Decane, 1-iodo- CioH21l Alifatica MOP - MOAM
Diethyl Phthalate C12H1404 Aromatica MOP - MOAM
Di-n-octyl phthalate C24H3804 Aromatica MOP
Ditetradecyl ether Ca2sHss0 Alifatica MOAM
Docosyl trifluoroacetate C24Ha5F302 Alifatica MOAM
Eicosyl pentafluoropropionate C23H41F502 Alifatica MOAM
Heptadecyl heptafluorobutyrate C21H35F702 Alifatica MOAM
Hexacosyl heptafluorobutyrate CsoHs3F702 Alifatica MOAM
Hexadecane, 1-iodo- C1sHaal Alifatica MOAM
Hexanedioic acid, bis(2-ethylhexyl) ester C22H4204 Alifatica MOP - MOAM
Hexanedioic acid, bis[2-(2-butoxyethoxy)ethyl] ester C22H420s Alifatica MOP - MOAM
Octacosy! heptafluorobutyrate Cs2Hs7F702 Alifatica MOP
Oleoyl chloride C1sHs3CIO Alifatica MOP - MOAM
Oleyl alcohol, trifluoroacetate C20H35F302 Alifatica MOAM
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Conclusion

Compostos organicos Formula Cadeia Fracao da MOS

molecular carboénica
Oxacycloheptadec-8-en-2-one, (82) C16H2802 Alifatica MOAM
Oxetane, 3,3-dimethyl- CsH100 Alifatica MOAM
Oxirane, heptadecyl- C19H380 Aliciclica MOP - MOAM
Oxirane, hexadecyl- C18H360 Aliciclica MOP - MOAM
Sulfurous acid, octadecyl 2-propyl ester C21H4403S Alifatica MOP
Tetracosyl pentafluoropropionate C27H49F502 Alifatica MOP
Tetradecanal C14H280 Alifatica MOAM
Tetradecy! trifluoroacetate C16H29F302 Alifatica MOAM
Tetrapentacontane, 1,54-dibromo- Cs4H108Br2 Alifatica MOP - MOAM
Tetratriacontyl heptafluorobutyrate CssHsoF702 Alifatica MOAM
Triacontyl pentafluoropropionate Cs3He1F502 Alifatica MOAM
Tricosyl trifluoroacetate C2sH47F302 Alifatica MOAM
Undecanal, 2-methyl- C12H240 Alifatica MOAM

FONTE: Elaboracao prépria (2025).



